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DIRECT COLORIMETRIC DETECTION OF BIOCATALYSTS 

This application claims priority benefit of U.S. provisional application No. 60/039,749, 
filed March 3, 1997, pending, which is hereby incorporated herein by reference in its entirety. 

This invention was made in part during work partially supported by the U.S. 
Department of Energy under DOE Contract No.: DE-AC03-76SF00098. The government 
has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention relates to methods and compositions for the direct detection of 
membrane conformational changes through the detection of color changes in biopolymeric 
materials. In particular, the present invention allows for the direct colorimetric detection of 
membrane modifying reactions and analytes responsible for such modifications and for the 
screening of reaction inhibitors. 



BACKGROUND OF THE INVENTION 

Measuring and identifying the activity of various enzymes and other molecules 
involved in membrane rearrangement (e.g., lipid cleavage, polymerization, lipid flipping, 
transmembrane signalling, vesicle formation, lipidation, glycosylation, ion channeling, 

20 molecular rearrangement, and phosphorylation, among others) is important for the 

development of methods and compositions for regulating membrane biology and associated 
processes (e.g., signal transduction). Such methods and compositions will find use in 
regulating and treating numerous conditions (..g., cancer, diabetes, viral infection, and obesity 
to name a few) and physiological processes (e.g., memory, aging, and metabolism to name a 

25 few). 

Interfacial catalysis provides one example of such membrane reorganization and 
illustrates the benefits and limitations of current technologies in characterizing and exploiting 
these membrane reorganizations. Interfacial catalysis on biomembranes covers a range of 
enzyme classes such as lipolytic enzymes, acyltransferases, protein kinases, and glycosidases, 
and plays a key role in extra- and intracellular processes. In particular, lipolytic enzymes are 
involved in important biochemical processes including fat digestion and signal transduction. 
Recent interest in one such enzyme, phospholipase A, (PLA,) {See e.g., Kini, Venom 
Phospholipase A, Enzymes, Wiley, Chichester [1997]; and Waite, The Phospholipases, 
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Plenum Press, New York [1987]) is motivated by its role in the release of arachidonate and 
lysophospholipids from membranes. These compounds are the precursors for the biosynthesis 
of eicosanoids (e.g., prostaglandins, leukotrienes, and hydroperoxy fatty acids) that have been 
implicated in a range of inflammatory diseases such as asthma, ischaemia, and rheumatoid 
5 arthritis (See e.g., Bomalaski and Clark, Arthritis and Rheumatism 36, 190 [1993]; Ramirez 
and Jain, Proteins: Structure Function, and Genetics, 9, 229 [1991]; and Dennis and Wong, 
Phospholipase A.: Role and Function in Inflammation, Plenum, New York [1990]) and are 
likely involved in a host of other physiological processes ranging from vision {See e.g., 
Camras et ai. Ophthamology 103, 1916 [1996]), platelet aggregation {See e.g., Wu, J. 

10 Formos. Med. Assoc. 95, 661 [1996]), adipocyte differentiation {See e.g., Casimir et al. 

Differentiation 60, 203 [1996]), and luteolysis {See e.g, Tsai and Wiltbank, Biol. Reprod. 57, 
1016 [1997]). Accordingly, the identification of PL A. inhibitors is an active area of current 
research that may lead to the development of novel therapeutics and new biochemical insights 
into the mechanisms of enzyme activity (Dennis, supra; Gelb et ai, FASEB Journal 8, 916 

15 [1994]; and Lin and Gelb, J. Am. Chem. Soc. 115, 3932 [1993]). 

PLA2 catalyzes the hydrolysis of an acyl ester bond exclusively at the 2-acyl position 
in glycerophospholipids, yielding free fatty acid and lysophospholipid. Typical methods for 
measuring this activity include discontinuous radiochemical (Ehnholm and Kuusi, Meth. 
Enzymol, 129, 716 [1986]), fluorescent (Bayburt et al.. Analytical Biochemistry, 232, 7 

20 [1995]), and spectrophotometric techniques (Reynolds et ai. Analytical Biochemistry 204, 
190 [1992]), In these measurements, labeled acyl phospholipids are used as substrates, and 
enzyme activity is evaluated by the radioactivity, fluorescence, or absorbance of the cleaved 
fatty acids. Some procedures, and particularly radiolabel methods, may require that the 
cleaved fatty acids be extracted and isolated from the unreacted substrate by thin layer 

25 chromatography of HPLC. The extraction step and the need for synthetic labeled substrates 
are disadvantages when considering rapid analysis of enzyme activity, for example in high 
throughput assays that screen potential enzyme inhibitors. Furthermore, phospholipase 
catalysis is sensitive to the chemical structure of the phospholipid substrate (Grainger et ai, 
Biochimica et Biophysica Acta 1022, 146 [1990]; and Wu and Cho, Analytical Biochemistry 

30 221, 152 [1994]). Therefore the use of non- labeled naturally occurring substrates is highly 
desirable. 

This need for non-labeled naturally occurring substrates applies not only to 
phospholipase A. characterization, but also to other phospholipases {e.g., phospholipase C and 
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phospholipase D), lipases m genera, (.g.. macylglycerol lipases, lipoprotein lipases, and 
p^ereatic lipases), oAer membrane modifying enzymes <..g.. lipolytic enzymes, 
acyltnmsferases, protein kinases, and glycosidase), and any other nanrral or artrfical 
membrane modifying events. In particuUx, methods and compositions that provide stmple 
detection of the modifying events and that allow high throughput screening of ,nh.b«ors are 
desired. 
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SUMMARY OF THE INVENTION 

The present invention relates to methods and compositions for the dxrect detection of 
„.embrane conformational changes through the detection of color changes in biopolymerxc 
materials. In particular, the present invention allows for the direct colorimetric detection of 
„.embrane modifying reactions and analytes responsible for such modifications and for the 

screening of reaction inhibitors. 

The presently claimed invention provides methods for detecting a reaction, compnsmg: 
providing biopolymenc material comprising reaction substrate and a plurality of self- 
Imbling monomers, and a reaction means: exposing the reacUon means to the btopo ymenc 
materia,; and dctecnng a color change in the biopolymenc materia, which indicates at le^ a 
panial occurrence of the reaction. ,n some embodiments, the method further comprtses .he 
aep of quantifying the color change in the biopolymeric material. 

,„ some embodiments, the reaaion means comprises a lipid cleavage means. In 
partieular embodiments, the cleavage means comprtses a lipase. In spcciftc embodiments the 
lipase is selected from the group consisting of phospholipase A, phospholipase C, and 

"""lay calmed invenUon provides methods wherein the btopolymeric ma^s 
are selected from the group consisting of liposomes, fthns, tubules, helical ass^blies, flb^-^ 
like assemblies, and solvated polymers. In some embodiments, the self assembhng mot^^mers 
of the biopolymeric materiais comprise dia»ty,ene monomers. In some embodrments. the 
.If assembling monomers comprise diacetylene monome. selected from the group consrsung 
of 5,7.docosadiynoic acid. 5.7-penu>cosadiynoic acid, ,0.12-pe„tacosadiynoic 
combinations thereof. In other embodiments, the self-assembling monomers are selected from 
.fce group consisUng of acetylenes, alkenes, thiophenes, po,y.hiophenes, siloxanes. poly- 
silal. anilines, pyrroles, polyacetylenes. poly (para-phylenevinylene). poly (para-phylene), 
vinylpyridinium, and combinations thereof. 
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The presenUy claimed invention provides methods wherein the biopolymeric material 
further comprises one or more ligands. In some embodiments, the ligand is selected from the 
group consisting of proteins, antibodies, carbohydrates, nucleic acids, drugs, chromophores, 
antigens, chelating compounds, short peptides, pepstatin. Diels-Alder reagents, molecular 
recognition complexes, ionic groups, polymerizable groups, linker groups, electron donors, 
electron acceptor groups, hydrophobic groups, hydrophilic groups, receptor binding groups, 
trisaccharides, tetrasaccharides, ganglioside G^,, ganglioside Gt-.^, sialic acid, and 
combinations thereof. In certain embodiments, the ligands have affinity for the reaction 
means. 

The presently claimed invention also provides methods wherein the biopolymeric 
material further comprises one or more dopants. In some embodiments, the dopant is selected 
from the group consisting of surfactants, polysorbate. octoxynol, sodium dodecyl sulfate, 
polyethylene glycol, zwitterionic detergems. decylglucoside, deoxycholate, diacetylene 
derivatives, phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, 
phosphatidylcholine, phosphatidylglycerol, phosphatidic acid, phosphatidylmethanol, 
cardiolipin, ceramide, cholesterol, steroids, cerebroside, iysophosphatidylcholine, D- 
erythroshingosine. sphingomyelin, dodecyl phosphocholine, N-biotinyl 
phosphatidylethanolamine and combinations thereof. In specific embodiments, the dopants 
comprise diacetylene derivatives selected from the group consisting of sialic acid-derived 
diacetylene, lactose-derived diacetylene, amino acid-derived diacetylene, and combinations 
thereof. 

In some embodiments, the biopolymeric material further comprises a support, wherein 
the biopolymeric material is immobilized to the support. In particular embodiments, the 
support is selected from the group consisting of polystyrene, polyethylene, teflon, mica, 
sephadex, sepharose, polyacrynitriles, filters, glass, gold, silicon chips, and silica. 

The presently claimed invention further provides methods for detecting the presence of 
an analyte, comprising providing biopolymeric material comprising analyte substrate and a 
plurality of self-assembling monomers; exposing a sample suspected of containing the analyte 
to the biopolymeric material; and detecting a color change in the biopolymeric material, 
which indicates die presence of the analyte. In some embodiments, the analyte comprises a 
lipid cleavage means. In particular embodiments, the cleavage means comprises a lipase. In 
specific embodimems, the lipase is selected from the group consisting of phospholipase A^, 
phospholipase C, and phospholipase D. In some embodiments, the biopolymeric material 
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tether compri^. one or more liga^ds. In ceruin embodiments. *e ligands have afflniQr for 

the analyte. . 

The presently claimed invention ftmher provides methods for detectrng .nhtbttors, 

comprising: providing biopolymeric material comprising reaction substrate and a plural,., of 
self-assembling monomers, a reaction means, and a sample suspected of containing an 
inhibitor: combining the biopolymeric material and Ute sample suspected of contaimng an 
inhibitor; exposing the biopolymeric matenal and the sample suspected of contaimng an 
inhibitor to the ration means: and detecting a color change in the biopolymeric matenal, 
hereby detecting the activity of the inhibitor. In some embodiments, the detecting a color 
change in the biopolymeric material comprises comparing the color change to one or n.^ 
con.ll samples. In some embodiments, tite meUtod further comprises the step of <,uan...ating 
the color change in the biopolymeric material. 

In some embodiments, the reaction means comprises a lipid cleavage means. In 
particular embodiments, the cleavage means comprises a lipase. In specific embodiments, the 
lipase is selected from the group consisting of phospholipase A,., phospholipase C, and 
phospholipase D. 

DESCRIPTION OF THE FIGURES 

Figure 1 shows a schematic representation of biopolymeric films. Y is a 
centrosymmetric multilayer film, while films X and Z are noncentrosymmetric multilayers. 

Figure 2 shows a schematic representation of biopolymeric liposomes. Part A is a 
cross-section two-dimensional view and part B is a three-dimensional view of half of a 
liposome. 

Figure 3 shows biopolymeric 1) liposomes and 2) films comprismg the same 
biopolymeric material and exposed to the same analyte. 

Figure 4 shows a heating curve depicting the large main phase transition for 
unpolymerized liposomes prepared from PDA monomer. 

Figure 5 shows a schematic representation of a Langmuir Blodgett apparatus where 
compressed film is being transferred to a vertical plate. 

Figure 6 shows a micrograph of liposomes cooled only to room temperature. 

Figure 7 shows a micrograph of liposomes prepared with cooling to 4-0. 

Figure 8 shows the chemical structure of 5,7-pentacosadiynoic acid. 
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Figure 9 shows a synthesis reaction for modifying the free amino group of a molecule 
for coupling to a lipid monomer. 

Figure 10 shows the propenies of biopolymeric materials composed of amino acid- 
derivated diacetylene monomers. 

5 Figure 1 1 shows the chemical structure of sialic acid derived 10,12-pentacosadiynoic 

acid (compound 1) and 10,12-pentacosadiynoic acid (compound 2). 

Figure 12 shows substrate lipid (i.e., DMPC) in a diacetylenic lipid matrix before (top) 
and after (bottom) polymerization. 

Figure 13 shows the visible absorption spectrum of the liposomes of Figure 12 before 
10 (solid line) and after (dashed line) exposure to phospholipase A^. 

Figure 14 shows the change in colorimetric response of the liposomes of Figure 12 
with varying concentrations of DMPC in response to phospholipase A, exposure. 

Figure 15 shows the absorbance at 412 nm of liposomes containing l,2-bis-(S- 
decanoyl)-l,2-dithio-sn-glycero-3-phosphocholine (DTPC) following exposure to PLA, for 
15 various lengths of time. 

Figure 16 shows ^'P NMR spectra of the DMPC/PDA vesicles prior to the addition of 
PLAj (A), and following the enzymatic reaction (B). 

Figure 17 shows the colorimetric response of DMPC containing liposomes in the 
presence of PLA, (circles), and PLA, with inhibitors (squares and diamonds). 

Figure 18 shows the visible absorption spectra of the polydiacetylene liposomes in a 
sol-gel matrix. 

Figure 19 shows the visible absorption spectra of the material in Figure 18 following 
heating of the liposomes to 55 "C. 

Figure 20 shows an optical micrograph of diacetylene film. 

Figure 21 shows the properties of polydiacetylene monolayers with and without sialic 
acid-derivated PDA and ganglioside 6^,. 

Figure 22 shows the isotherms of 5% Gm,/5% SA-PDA/90% PDA as a function of 
subphase concentration of CdClj. 

Figure 23 shows the isotherms of 5% Gm,/5% SA-PDA/90% PDA at pH 4.5, 5.8, and 

30 9.2. 

Figure 24 shows the temperature effect on the isotherms of 100% PDA, 5%SA- 
PDA/95% PDA, and 5% G^,/5% SA-PDA/90% PDA. 
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Figure 25 shows the visible absorption spectrum of "blue phase" 5o/o G.. and 95V. 
5,7.docosadiynoic acid liposomes. 

Figt^e 26 shows the visible absorption spectrum of the liposomes of Figure 25 

following exposure to cholera toxin. 

Hgur! 27 shows the visible absorption spectrum for sialic-acid conta^mng films before 
(solid line) and after (dashed line) exposure to influenza virus. 

Figure 28 shows the color transition of ganglioside G.,-conta.mng hposomes m 
response to varying concentrations of cholera toxin. 

Figure 29 shows the visible absorption spectrum of the polymenc hposomes 
10 containing G., Hgand and 95-/o 5 7-DCDA. ^^^^^^^^ 
Figure 30 shows the visible absorption spectrum of the material m rig 

exposure to E. coli toxin. 

Figure 3 1 shows .the absorption spectrum of a 1 LA tum in oe 
exposure to l-octanol dissolved in water (line b). 
15 Figure 32 shows a bar graph indicating colorimetnc responses of PDA material 

•«„c VOCs ^ A) and a table showing the concentration of the VOCs (B). 

•-^rr — ..... .o. ....v. 

^Uo„ of .ucose . a f-™c..o„ of >„c„«o„ ...e a. <A, —a, (B) . = 0.0. ^ (C 

t = 10 and fD) at t = 60 tnin. 

pTgl 36 shows ,he colorin».ric .sponse of hexoki... oo„u,i„ing b,opo>yn,„,c 

25 material to a variety of sugars. 

Figore 37 shows derivations of PDA for use in detection arrays. 

Figure 38 shows «,e organic synthesis of compound 2.10 ftom Figure 37. 



3„ ™"Le an understanding of the present .nvention, a numher of terms and pWs 

"rrLn. the tertn ■■.eaction. refers to an, change or transformation in which a 
substance (e.... molecules, membnmes, and molecular assemblies) combines wtth other 
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substances, interchanges constituents with other substances, decomposes, rearranges or is 
otherwise chemically altered. As used herein, the term "reaction means" refers to »y means 
of mitiating and/or catalyzing a reaction. Such reaction means include, but are not limited to 
enzymes, temperature changes, and pH changes. The phrase "affinity for said reaction 
5 means" refers to compounds with the ability to specifically associate (e.g., bind) to a given 
reaction mean, although not necessarily a substrate for the reaction means. For example, a 
PLA, antibody has affinity for PLA„ but is not the substrate for the enzyme. 

As used herein, the term "immobilization" refers to the attachment or entrapment, 
either chemically or otherwise, of material to another entity (e.g., a solid support) m a mamier 
10 that restricts the movement of the material. 

As used herein, the terms "material" and "materials" refer to, in their broadest sense, 

any composition of matter. 

As used herein, the term "biopolymeric material" refers to materials composed of 
polymerized biological molecules (e.g., lipids, proteins, carbohydrates, and combinations 
thereof). Such materials include, but are not limited to, films, vesicles, liposomes, 
multilayers, aggregates, membranes, and solvated polymers (e.g., polythiophene aggregates 
such as rods and coils in solvent). Biopolymeric material can contain molecules that are not 
part of the polymerized matrix (i.e., molecules that are not polymerized). 

As used herein the term "protein" is used in its broadest sense to refer to all molecules 
or molecular assemblies containing two or more amino acids. Such molecules include, but 
are not limited to, proteins, peptides, enzymes, antibodies, receptors, lipoproteins, and 
glycoproteins. 

As used herein the term "antibody" refers to a glycoprotein evoked in an animal by an 
inmiunogen (antigen). An antibody demonstrates specificity to the immunogen, or, more 
specifically, to one or more epitopes contained in the immunogen. Native antibody comprises 
at least two light polypeptide chains and at least two heavy polypeptide chains. Each of the 
heavy and light polypeptide chains contains at the amino terminal portion of the polypeptide 
chain a variable region (i.e., VH and VL respectively), which contains a binding domain that 
mteracts with antigen. Each of the heavy and light polypeptide chains also comprises a 
constant region of the polypeptide chains (generally the carboxy terminal portion) which may 
mediate the binding of the immunoglobulin to host tissues or factors influencing various cells 
of the immune system, some phagocytic cells and the first component (Clq) of the classical 
complemem system. The constant region of the light chains is referred to as the "CL region," 
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constant ..on of .e heav. cWa. is .fe.ed . . the "CH ..on. T^. cons^t 

• nf the heavy chain comprises a CHI region, a CH2 region, and a CH3 region. A 

T e^^ v^^^^^^^^ between the CHI and CH2 regions is referred to as the hinge 

'^"^^X^^^r^'y The constant region of the heavy chain of the ceii surface form 

H funher comprises a spacer-transnvembranal region (Ml) and a cytoplasmic 
of an antibody further comprises p ^ ^^^^^^ ^^^^^^^ 

region (M2) of the membrane carboxy terminus. The secret 
larks the Ml and M2 regions. 

L used .erein, .Ke .e„„ "biopo.y^^ric fltas" refer, .o p».y.eH^ organK fi^^. 
a„ usea n a *i„ «c.io„ or in a layer form. Such films can incMe. but ^ no, ,.m..ed ,o. 

an. bUayers. B>opo.yn,er. films c. mimic bioio.ca. ce„ membranes .... m 
tf,ei, ability to interact witf, other molecules such as proteins or analy.es). 

t used herein, the term "soHe," refers to preparations composed of porous .netal 
T cures such structures can have biological or other material entrapped wtthn 
P.ase ..so,..l ma^ce.. refers to the — — ^ 
, , nvide dass with or without entrapped material. The term sol-gel material 

plpared by the sol-gel process including the glass material itself and 

dtllMhin *e porous structure of the glass. As used herein, the term 
mrapped ma.™.! w^t P ^^^^ ^^^^^^^ 

:r :l emtllnts: ■■so.-ge, method- refer, to such methods conducted und. mild 
eTperTu e conditions. The terms "sol-ge, gla." and ■■met. oxide gla." refer o gla. 
A K »1 lel method and include inorganic matenal or mtxed 
l!ir ^ rials used to produce the glass can mclude. but arc no. 

— ormosns .organically modified silanes,. and 

""rein, the ^ "direct colorime^c dcecUon" refers .o Ute detection of c^r 
..^es witut the aid of an interve.ng processing step conversion of a c«e 
nt^Telec^onic signal that is processed by an interpreting device,. It is .ntended^ *e 

• , u.rvinr,ree observing with the human eye) as well as detection oy 
term encompass visual observing (e.g., oDserving 

, rldtlin. the term "anaiytes- refers to any ma.rial Utat is to be analyzed. Such 

' ^rU^rinelude. bu, are not limited to. ions, molecules, antigens, bacter,. compounds, 
viruses, cells, antibodies, and cell parts. 
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As used herein, the term "selective binding" refers to the binding of one material to 
another in a manner dependent upon the presence of a particular molecular structure {i.e., 
specific binding). For example, a receptor will selectively bind ligands that contain the 
chemical structures complementary to the ligand binding site(s). This is in contrast to "non- 
selective binding," whereby interactions are arbitrary and not based on structural 
compatibilities of the molecules. 

As used herein, the term "biosensors" refers to any sensor device that is partially or 
entirely composed of biological molecules. In a traditional sense, the term refers to "an 
analytical tool or system consisting of an immobilized biological material (such as enzyme, 
antibody, whole cell, organelle, or combination thereof) in intimate contact with a suitable 
transducer device which will convert the biochemical signal into a quantifiable electrical 
signal" (Gronow, Trends Biochem. Sci. 9: 336 [1984]). 

As used herein, the term "transducer device" refers to a device that is capable of 
converting a non-electrical phenomenon into electrical information, and transmitting the 
information to a device that interprets the electrical signal. Such devices can include, but are 
not limited to, devices that use photometry, fluorimetry, and chemiluminescence; fiber optics 
and direct optical sensing {e.g., grating coupler); surface plasmon resonance; potentiometric 
and amperometric electrodes; field effect transistors; piezoelectric sensing; and surface 
acoustic wave. 

As used herein, the term "miniaturization" refers to a reduction in size, such as the 
size of a sample to increase utility {e.g., portability, ease of handling, and ease of 
incorporation into arrays). 

As used herein, the term "stability" refers to the ability of a material to withstand 
deterioration or displacement and to provide reliability and dependability. 

As used herein, the term "conformational change" refers to the alteration of the 
molecular structure of a substance. It is intended that the term encompass the alteration of 
the structure of a single molecule or molecular aggregate (e.g., the change in structure of 
polydiacetylene upon interaction with an analyte). 

As used herein, the term "small molecules" refers to any molecule with low molecular 
weight {i.e., less than 10,000 atomic mass units and preferably less than 5,000 atomic mass 
units) that binds to ligands, interacts with ligands. or interacts with biopolymeric material in a 
manner that creates a conformational change. 
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AS used herein, the term "pathogen" refers to disease causing organisms, 
microorganisms, or agents including, but not limited to, viruses, bacteria, parasites (includtng, 
but not limited to, organisms within the phyla Protozoa, Platyhelminthes, Aschelmmtthes, 
Acanthocephala. and Arthropoda). fungi, and prions. 

AS used herein, the term "bacteria" and "bacterium" refer to all prokaryotic orgamsms. 
including those within all of the phyla in the Kingdom Procaryotae. It is intended that the 
term encompass all microorganisms considered to be bacteria including Mycoplasma, 
Chlamydia. Actinomyces, Streptomyces, and Rickettsia. All forms of bacteria are included 
within this definition including cocci, bacilli, spirochetes, spheroplasts, protoplasts, etc. 
"Gram negative" and "gram positive" refer to staining patterns obtained with the Gram- 
staaning process which is well known in the an (See e.g., Finegold and Martin, Diagnostic 
Microbiology, 6th Ed. (1982), CV Mosby St. Louis, pp 13-15). 

AS used herein, the term "membrane" refers to, in its broadest sense, a sheet or layer 
of material It is intended that the term encompass all "biomembranes" (/..., any orgamc 
membrane including, but not limited to, plasma membranes, nuclear membranes, organelle 
membranes, and synthetic membranes). Typically, membranes are composed of hptds, 
proteins glycolipids. steroids, sterols and/or other components. As used herem, the term 
"membrane fragment" refers to any portion or piece of a membrane. The term "polymenzed 
membrane" refers to membranes that have undergone partial or complete polymerxzatton. 

As used herein, the terms "membrane rearrangement" and "membrane conformational 
change" refer to any alteration in the structure of a membrane. Such alterations can be 
caused by physical perturbation, heating, enzymatic and chemical reactions, among other 
events Reactions that can result in membrane rearrangement include, but are not hmtted to 
lipid cleavage, polymerization, lipid flipping, transmembrane signalling, vesicle formaUon, 
lipidation, glycosylation, ion chamieling, molecular rearrangement, and phosphorylation. 
Enzymatic catalysis that results in membrane rearrangement can result from free enzymes 
interacting with the biopolymeric material (.g., reacting with an enzyme substrate m the 
biopolymeric material) and can result from enzymatic activity present in certain analytes (e.g., 
viruses, bacteria, and toxins among others). 

AS used herein, the term "lipid cleavage" refers to any reaction that results m the 
division of a lipid or lipid-comprising material into two or more portions. "Lipid cleavage 
means" refers to any means of initiating and/or catalyzing lipid cleavage. Such lipid cleavage 
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means include, but are not limited to enzymes, free radical reactions, and temperature 
changes. 

As used herein, the term "polymerization" encompasses any process that results in the 
conversion of small molecular monomers into larger molecules consisting of repeated units. 
5 Typically, polymerization involves chemical crosslinking of monomers to one another. 

As used herein, the term "membrane receptors" refers to constituents of membranes 
that are capable of interacting with other molecules or materials. Such constituents can 
include, but are not limited to, proteins, lipids, carbohydrates, and combinations thereof. 

As used herein, the term "volatile organic compound" or "VOC" refers to organic 
10 compounds that are reactive {Le,, evaporate quickly, explosive, corrosive, etc.), and typically 
are hazardous to human healdi or the environment above certain concentrations. Examples of 
VOCs include, but are not limited to, alcohols, benzenes, toluenes, chloroforms, and 
cyclohexanes. 

As used herein, the term "enzyme" refers to molecules or molecule aggregates that are 
15 responsible for catalyzing chemical and biological reactions. Such molecules are typically 
proteins, but can also comprise short peptides, RNAs, ribozymes, antibodies, and other 
molecules. 

As used herein, the term "substrate," in one sense, refers to a material or substance on 
which an enzyme or other reaction means acts. In another sense, it refers to a surface on 

20 which an sample grows or is attached. The term "reaction substrate" refers to the substrate 
for a reaction means (e.g., a "substrate lipid" reacted by a lipid cleavage means). As used 
herein, the term "analyte substrate" refers to a material or substance upon which an analyte 
reacts. For example, the analyte can be an enzyme and the analyte substrate is an enzyme 
substrate. In another sense, the analyte can be a pathogen and the analyte substrate comprises 

25 a material or sample that is altered by a "reaction means" associated with the pathogen. 

As used herein, the term "lipase" refers to any of a group of hydrolytic enzymes that 
acts on ester bonds in lipids. Such lipases include, but are not limited to, pancreatic lipase 
that catalyses the hydrolysis of triacylglycerols, lipoprotein lipase that catalyzes the hydrolysis 
of triacylglycerols to glycerol and free fatty acids, and phospholipases, among others. The 

30 term "phospholipase" refers to enzymes that cleave phospholipids by the hydrolysis of carbon- 
oxygen or phosphorus-oxygen bonds. Phospholipases include, but are not limited to, 
phospholipases A,, Aj, C, and D. 
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AS used herein, the tenn Mrue" refers to a substance or substances that are used to 
diagnose, treat, or prevent dtseases or contiitions. Drugs act by altering the physiology of a 
living organistn, tissue, cell, or .Uro system that they are exposed to. I. ,s 
d,e L encompass antimicrobials, including, but not limited to, antibactenal, antttogal, and 
anUviral compounds. It is also intended that the term encompass antibiotics, tncludtng 
naturally occurring, synthetic, and compounds produced by recombiuan. ^^^^^"'"^ 
As used herein, the term "peptide- refers to any substance composed of «vo or more 

Tstsed herein, the tenn "carbohydrate" refers to a class of molecules including, but 
«,t limits! u>. sugars, starches, cellulose, chitin, glycogen, and similar smtctures. 
carbohydrates can also exist as components of glycolipids and glycoproteins. 

As used herein, the term "chromophore" refers to molecules or molecular groups 
responsible for the color of a compound, material, or sample. 

AS used herein, the term "antigen" refers to any molecule or molecular group that ,s 
recognized by a, least one antibody. By definition, an antigen must contain at leas, one 
epi.rpe </.., the specific biochemical un,t capable of being recogni^d by the anhbody). The 
term "immunogen" refers to any molecule, compound, or aggregate that indu^ the 
production of antibodies. By definition, an immunogen must contain at least one epttope 
(/. ute specific biochemical unit capable of causing an immune response). 

AS used herein, the term "chelating compound" refers to any compound composed 
or containing coordinate linl. that complete a closed ring structure. The compounds can 
rbine 1 meta, ions, attached by coordinate l»nds u> a. least two of the nomncta. .ns. 

AS used herein, the term "molecular recognition complex" refers to any molecule, 
molecular group, or molecular complex that is capable of recognizing (/ ... specrfically 
interacting with) a molecule. For example, the Itgand binding site of a re^ptor would be 
considered a molecular recognition complex. 

As used herein, the term "ambient condition" refers to the conditions of the 
^nnding environment (.g., the temperatirrc of the room or outdoor environment m whrch 

an experiment occurs). 

AS used herein, the term "room temperature" refers, technically, to temperamres 
app.xima.ely between 20 and 25 degrees centigrade. However, as used generally, tt refers u. 
^ any ambien. temperaurre widtin a general area in which an experiment ts taltmg place. 
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As used herein, the terms "home testing" and "point of care testing" refer to testing 
that occurs outside of a laboratory environment. Such testing can occur indoors or outdoors 
at, for example, a private residence, a place of business, public or private land, in a vehicle, 
under water, as well as at the patient's bedside. 
5 As used herein, the term "lipid" refers to a variety of compounds that are characterized 

by their solubility in organic solvents. Such compounds include, but are not limited to, fats, 
waxes, steroids, sterols, glycolipids, glycosphingolipids (including gangliosides), 
phospholipids, terpenes, fat-soluble vitamins, prostaglandins, carotenes, and chlorophylls. As 
used herein, the phrase "lipid-based materials" refers to any material that contains lipids. 
'0 As used herein, the term "virus" refers to minute infectious agents, which with certain 

exceptions, are not observable by light microscopy, lack independent metabolism, and are 
able to replicate only within a living host cell. The individual particles (i.e., virions) consist 
of nucleic acid and a protein shell or coat; some virions also have a lipid containing 
membrane. The term "virus" encompasses all types of viruses, including animal, plant, 
1 5 phage, and other viruses. 

As used herein, the phrase "free floating aggregates" refers to aggregates that are not 
immobilized. 

As used herein, the term "encapsulate" refers to the process of encompassing, 
encasing, or otherwise associating two or more materials such that the encapsulated material 
20 is immobilized within or onto the encapsulating material. 

As used herein, the term "optical transparency" refers to the property of matter 
whereby the matter is capable of transmitting light such that the light can be observed by 
visual light detectors (e.g., eyes and detection equipment). 

As used herein, the term "biologically inert" refers to a property of material whereby 
25 the material does not chemically react with biological material. 

As used herein, the term "organic solvents" refers to any organic molecules capable of 
dissolving another substance. Examples include, but are not limited to, chloroform, alcohols, 
phenols, and ethers. 

As used herein, term "nanostructures" refers to microscopic structures, typically 
30 measured on a nanometer scale. Such structures include various three-dimensional 

assemblies, including, but not limited to, liposomes, films, multilayers, braided, lamellar, 
helical, tubular, and fiber-like shapes, and combinations thereof. Such structures can, in some 
embodiments, exist as solvated polymers in aggregate forms such as rods and coils. 
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AS used herein, the .e™ "flms" refers ,o any marcria. deposUed or used in a <hin 

: iXi!! - ..ves,c,e.. refers ,o a s.a,> enc.osed s«.c.ures. ^ 
.^cures are membranes composed of lipids, proteins, giycoiipids. steroids or other 
r onents associated with membranes. VesiOes can be natural., generated ,e..., ti» 
ZZ present in the cytopiasm of ceiis that trans^rt moiecuies and partttton specflc 
cellular functions) or can be synthetic ie g.. liposomes). 

AS used herein, the term "liposome" refers to artificially produced sphertcal hp,d 
.omnlexes that can be induced to segregate out of aqueous media. 

Z 1 herein, the term "biopolymeric liposomes" refers to liposomes that are 
composed entirely, or in part, of biopolymeric material. 

AS used herein, the term "tubules" refers to materials compnstng small hollow 

the terms "soWated polymer," "solvated rod." and "solvated coil" refer 
to polymerized materials that are soluble in aqueous solution. 

A used the term "multilayer" refers to structures comprised o, two or nrore 
„vers The individual monolayers may chemically interact with one anorher (e.g., 
monolayers, ineinmviu „,..i=' interactions hydrogen bondmg, 

• r. nrocerties that are different from those of the monolayers alone). 

*::dC::th= terms "self-as^mbimg monomers" and -lipid monomers" re^^ 
.olecu,es.a.s.n.eo.lyassociate.oformn.^^^^ 

- » — — ZrZ:l2rZ a apid molecu., a.. 

==Eg-^^^^^^^^^ 

assemblies can be further aggregaiea (e g 
...mblies "Surfactant molecular assemblies" refers to an assembly of surface act.v g 
assembhes. S^a ^ .^^^^^ ^^^^^^^^^^ p,^, 

Zr::^:^^^^ m aggregat.n colloi.), ana have .etergen. 

foaming, wetting, emulsifying, and dispersing propertxes. 

AS used herein, the term "homopolymers" refers to materials ^^^^^^^^^^^^^ 
^ of polymerized molecular species. The p^ase "mixed polymers" refers to matenals 
comprised of two or more types of polymerize molecular species. 
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As used herein, the term "ligands" refers to any ion. molecule, molecular group, or 
other substance that binds to another entity to form a larger complex. Examples of ligands 
include, but are not limited to, peptides, carbohydrates, nucleic acids, antibodies, or any 
molecules that bind to receptors. 

As used herein, the term "dopant" refers to molecules that are added to biopolymeric 
materials to change the material's properties. Such properties include, but are not limited to 
colorimetric response, color, sensitivity, durability, robusmess, amenabihty to immobilization, 
temperature sensitivity, and pH sensitivity. Dopant materials include, but are not limited to, 
lipids, cholesterols. steroids, ergosterols, polyethylene glycols, proteins, peptides, or any othlr 
molecule {e.g., surfactants, polysorbate, octoxynol, sodium dodecyl sulfate, zwitterionic 
detergents, decylglucoside, deoxycholate. diacetylene derivatives, phosphatidylserine, 
phosphatidylinositoK phosphatidylethanolamine, phosphatidylcholine, phosphatidylglycerol, 
phosphatidic acid, phosphatidylmethanol. cardiolipin, ceramide, cerebroside, 
lysophosphatidylcholine, D-erythroshingosine, sphingomyelin, dodecyl phosphocholine, N- 
biotinyl phosphatidylethanolamine. and other synthetic or natural components of cell 
membranes) that can be associated with a membrane {e.g., liposomes and films). 

As used herein, the terms "organic matrix" and "biological matrix" refer to collections 
of organic molecules that are assembled into a larger multi-molecular structure. Such 
structures can include, but are not limited to, films, monolayers, and bilayers. As used 
herein, the term "organic monolayer" refers to a thin film comprised of a single layer of 
carbon-based molecules. In one embodiment, such monolayers can be comprised of polar 
molecules whereby the hydrophobic ends all line up at one side of the monolayer. The term 
"monolayer assemblies" refers to structures comprised of monolayers. The term "organic 
polymetric matrix" refers to organic matrices whereby some or all of the molecular 
25 constituents of the matrix are polymerized. 

As used herein, the terms "head group" and "head group functionality" refer to the 
molecular groups present an the ends of molecules {e.g., the carboxylic acid group at the end 
of fatty acids). 

As used herein, the term "hydrophilic head-group" refers to ends of molecules that are 
substantially attracted to water by chemical interactions including, but not limited to, 
hydrogen-bonding, van der Waals' forces, ionic interactions, or covalent bonds. As used 
herein, the term "hydrophobic head-group" refers to ends of molecules that self-associate with 
other hydrophobic entities, resulting in their exclusion from water. 
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As used herem. ttrm Varboxyli. acid head groups" refers «, organic compounds 
containing one or more carboxyl (-COOH) groups located at, or near. d,e end of a molecule. 
The term carboxylic acid includes carboxyl groups Ura. are either free or exist as salts or 

esters. , , 

5 As used herein, the term "detecting head group" refers to the molecular group 

contained at the end of a molecule that is involved in detecting a moiety (..g.. an analy«). 

AS used herein, the term "linker" or "spacer molecule" refers m material that Unks one 

entity to another. In one sense, a molecule or molecular group can be a linker that .s 

covalent attached two or more other molecules (c.,., linking a ligand to a self-assembhng 

"""Ts used herein, the phrase "polymertc assembly surface" refers to polymeric material 
that provides a surface for the assembly of fitrther mat^ial (e.g., a biopolymeric surface of a 
film or liposome that provides a surface for attachmeM and assembly of l.gands). 

AS used herem. the term "formation support" refers to any device or strucwre that 
,5 provides a physical support for the production of material. In some embodiments, the 
formation support provides a structure for layering and/or compresstng films. 

AS used herein, the term "diacetylene monomers" refers to single cop.es of 
hydrocarbons containing two alkyne linkages (U.. carbon/carbon triple bonds). 

AS used herein, the terms "standard trough" and "standard Langmutr-BIodget. trough 
JO refer to a device, usually made of teflon, that is used to produce Langmuir films. The dev.ce 
contains a reservoir that holds an aqueous solution and moveable barriers to compress mm 
material that are layered onto the aqueous solution iS.e e.g., Roberts, i»„g».»..-BWge« 

Films, Plenum, New York, [1990)). 

AS used herein, the term "crystalline morphology" refers to die conflguratton and 
2S structure of crystals that can include, but are no. limited to, crystal shape, orientation, tcx«.re, 

and size. . r. „ :„ 

AS used herein, U,e term "doma.n boundary" refers to the boundar.es of an area «, 

which polymerized film molecules are homogeneously oriented. For example, a domam 
boundary can be the physical structure of periodic, regularly an».ged polydiacetylene 
10 .naterial striations, ridges, and grooves). 

L L herein, the tenn "domain size" refers to the typiod length between domam 

boundaries. 
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As used the terms "conjugated backbone" and "polymer backbone" refer to the ene-yne 
polymer backbone of polymerized diacetylenic films that, on a macroscopic scale, appears in 
the form of physical ridges or striations. The term "polymer backbone axis" refers to an 
imaginary line that runs parallel to the conjugated backbone. The terms "intrabackbone" and 
5 "interbackbone" refer to the regions within a given polymer backbone and between polymer 
backbones, respectively. The backbones create a series of lines or "linear striations," that 
extend for distances along the template surface. 

As used herein, the term "bond" refers to the linkage between atoms in molecules and 
between ions and molecules in crystals. The term "single bond" refers to a bond with two 
10 electrons occupying the bonding orbital. Single bonds between atoms in molecular notations 
are represented by a single line drawn between two atoms (e.g., Cg-Q). The term "double 
bond" refers to a bond that shares two electron pairs. Double bonds are stronger than single 
bonds and are more reactive. The term "triple bond" refers to the sharing of three electron 
pairs. As used herein, the term "ene-yne" refers to alternating double and triple bonds. As 
15 used herein the terms "amine bond," "thiol bond," and "aldehyde bond" refer to any bond 
formed between an amine group (i.e.. a chemical group derived from ammonia by 
replacement of one or more of its hydrogen atoms by hydrocarbon groups), a thiol group (i.e., 
sulfur analogs of alcohols), and an aldehyde group (i.e., the chemical group -CHO joined 
directly onto another carbon atom), respectively, and another atom or molecule. 

As used herein, the term "covalent bond" refers to the linkage of two atoms by the 
sharing of two electrons, one contributed by each of the atoms. 

As used the term "absorption" refers, in one sense, to the absorption of light. Light is 
absorbed if it is not reflected from or transmitted through a sample. Samples that appear 
colored have selectively absorbed all wavelengths of white light except for those 
25 corresponding to the visible colors that are seen. 

As used herein, the term "spectrum" refers to the distribution of light energies 
arranged in order of wavelength. 

As used the term "visible spectrum" refers to light radiation that contains wavelengths 
from approximately 360 nm to approximately 800 nm. 

As used herein, the term "ultraviolet irradiation" refers to exposure to radiation with 
wavelengths less than that of visible light (i.e., less than approximately 360 nM) but greater 
than that of X-rays (i.e., greater than approximately 0.1 nM). Ultraviolet radiation possesses 
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greater energy .han visible ii^h. a.d i. before, more effective a. inducing pho»chenucal 

""""Is used herein, tl,e term -chromatic transition" refers to the changes of molecules or 
material that result in an alteration of visible light absorption. In some embodunen^, 
5 cbromattc transition refers to the change in light absorption of a sample, whereby there ts a 
detectable color change associated with the transition. This detection can be accompUshed 
through various means including, but not limited to, visual observation and 

"^""tmTerein, the term "thermochromic transition" refers to a chromatic transition 

in that is initiated by a change in temperature. 

AS used herein, the term "solid support" refers to a solid object or surface upon *ch 
a sample is layered or attached. Solid supports include, bu, are no, limited to. glass, metals, 
gels and flter paper, among others. "Hydrophobiz^ solid support" refers to a solid support 
t has been cLLally treated or generated so that it attracts hydrophobic entities and repels 

" AS used herein, the term "r.lm-ambient interface" refers to a flm surface exposed to 

the ambient environment or atmosphere (U-., not the surface that is in contact with a soUd 

^'""L used herein, the term "formation solvent" refers to any medium, although typically 
a volatile organic solvent, used to solubilizc and distribute materia, to a desir^ locat^n (e..., 
to a surface for producing a film or to a drying receptacle to deposit liposome matenal for 

AS used herein, the term "micelle" refers to a particle of colloidal size that has a 
hydrophilic exterior and hydrophobic interior. 

AS used herein, the term "topochemioal reacUon" refers to reactions that occur wtthm 
specific place (e.g.. within a specific portion of a molecule or a reaction that only occurs 
when a certain molecular configuration is present). 

As used herein, the tenn "molding strucmre" n=fers to a solid support used as a 
template to design material into desu«l shapes and sizes. 

AS used herein, the terms "array" and "patterned array" refer to an arrangement of 
elements (/..., entities) into a material or device. For example, combming seve^ types of 
biopolymeric material witi, difterem analyte recognition groups into an analyte-detecting 
device, would constitute an array. 



20 



25 



30 



- 19 - 



10 



wo 98/39632 

PCT/US98/03963 

As used herein the term "interferants" refers to entities present in an analyte sample 
that are not the analyte to be detected and that, preferably, a detection device will not 
identify, or would differentiate from the analyte(s) of interest. 

As used herein, the term "badge" refers to any device that is portable and can be 
carried or worn by an individual working in an analyte detecting environment. 

As used herein, the term "device" refers to any apparatus {e.g., multi-well plates and 
badges) that contain biopolymeric material. The biopolymeric material may be immobilized 
or entrapped in the device. More than one type of biopolymeric material can be incorporated 
into a single device. 

As used herein, the term "halogenation" refers to the process of incorporating or the 
degree of incorporation of halogens {i.e., the elements fluorine, chlorine, bromine, iodine and 
astatine) into a molecule. 

As used herein, the term "aromaticity" refers to the presence of aromatic groups {i.e., 
six carbon rings and derivatives thereof) in a molecule. 

used herein, the phrase "water-immiscible solvents" refers to solvents that do not 
dissolve in water in all proportions. The phrase "water-miscible solvents" refers to solvents 
that dissolve in water in all proportions. 

As used herein, the terms "positive," "negative." and "zwitterionic charge" refer to 
molecules or molecular groups that contain a net positive, negative, or neuu-al charge, 
20 respectively. Zwitterionic entities contain bodi positively and negatively charged atoms or 
groups whose charges cancel {i.e., whose net charge is 0). 

As used herein, the term "biological organisms" refers to any carbon-based life forms. 

As used herein, the term "in situ" refers to processes, events, objects, or information 
that are present or take place within the context of their natural environment. 

^ "sed the term "aqueous" refers to a liquid mixture containing water, among other 
components. 

As used herein, the term "solid-state" refers to reactions involving one or more rigid 
or solid-like compounds. 

As used herein, the term "regularly packed" refers to the periodic arrangement of 
30 molecules within a compressed film. 

As used herein, the term "filtration" refers to the process of separating various 
constituents within a test sample from one another. In one embodiment, filtration refers to 
the separation of solids from liquids or gasses by the use of a membrane or medium. In 
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.Uen^Uve ..bo.i™=n., U,e ,e» enco^pas^s ..e sepa..c„ of — based on .he. 

''"'"irused he..n, *e .enn ■inhibi.r- ref» .o a .atrial, sampU, or subsunce 

hemica. reaction. The .erm Teacuon means inhibUor" refers to .nhrb-rors 
rr:::: or .0... ao... or a... of . .... reae..on .eans ... 

here, .he ■•1nhtb,.or screenrn." refers .o an, .eU.o. .o Me^ifV 
. • t, K t«.e Preferably inhibitor screening methods provide high 
.„.„r charac^n. ^^^^ ^ ...p,. 3uspee.. of — 

n.a, .so be .s-rea .ha. .e inMbUor screen.. 
,rfnb..ors a s p comparisons of inhibitor efficency. 

"^•^r:: U- ^ ^ in i.s .oaaes. se... . .. can 

„fer .0 a biopoiymeric marenai. in ancher sense, .. is mean, .o inciude a spec.me„ or 
\ \ from any source, as well as biological and enviromnenral samples, 
till 17 e o-ined from animals (incMins Hnmans, and encompass fluids. 
B,o og,ca, sampl^ ^ ^^^^ ^^^^ 3erum 

trcrysuls and indus^a. samples. These espies are no. .o be cons^ed as 
Hmiting .he sample .ypes applicable u, *e presem inven..on. 

^»Miri.il DESCRIPTION OF THE INVENTION 

GENERAL Ut.&^^*^*^ detection of 

nt ^^^^^ 

r l mlfVing reacuons and analy^s responsible for s.h mod„ an for 

r inhihitors Upon disruption of the membrane Structure ot the 

™ ''Tallt — undergo a de^cuble visually de«c.b.e, color 
r 'T= " n nlCvides for^he direc, colorime^c de.c.ion of a variety of 
'tlL « even. Judin. bu. no. limited to. lipid cleavage, polymeria-. Uptd 
membrane f^^,„„ „pi^,i„„, „ycosyla.ion. .on 

flipping, transmembrane Signalling, Fxoeriments can be 

chlneling, molecular rearrangement and P-----~r!.Tthe"s c. be 
eonducd. and resul. can be inierpreted by an un„a,ned "^'^^^ ^ ^. 
conduced under ambient conditions, making a,em amenable u, numerous uses 
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not limited to, home testing diagnostics, field work, detection of air-borne or water-borne 
materials, military applications, doctor's office or point of care testing, and many other 
applications. The present invention provides detecting technology that does not require an 
energy source and is cost-efficient, stable, accurate, reliable, consistent, and robust. These 
enhanced qualities provide an ideal basis for use in screening new compound libraries (e.g., 
drug screens), identification and characterization of enzyme inhibitors, drug testing, water 
supply testing, and any application in which a rapid and accurate colorimetric screen is 
desired. 

In preferred embodiments, the biopolymeric materials of the presently claimed 
invention offer a one-step approach to measuring enzyme activity through detection of a color 
change of diacetylene 'signaling* lipids that surround the natural enzyme substrate. The 
strategy does not require additional chemical reagents or post-hydrolysis analytical methods. 
Furthermore, enzyme inhibitors can be rapidly identified by simply monitoring the color 
changes of aqueous vesicle suspensions in a standard 96-well microliter plate or equivalent. 
15 Conjugated polymers (CPs) such as polydiacetylene (PDA), polythiophene, and 

polypyrrole display a remarkable array of color transitions arising from thermal changes 
(thermochromism) (Levesque and Leclerc, Chem. Mater. 8, 2843 [1996]), mechanical stress 
(mechanochromism) (Galiotis et al.. J. Polymer Science 21, 2483 [1983]), or ion-binding 
(ionochromism) (Levesque, supra: and Marsella el al.. Am. Chem. Soc. 117, 9842 [1995]). 
20 The color changes can be ascribed to a change in the effective conjugation length of the 

delocalized n-conjugated polymer backbone (Tanaka el al., Macromolecules 22, 1208 [1989]). 
The application of these smart' materials for the detection of biological targets 
(biochromisms) (See e.g., Charych el al.. Chemistry & Biology 3, 113 [1996]; Reichert et al., 
J. Am. Chem. Soc. 117, 829 [1995]; Charych el al.. Science 261, 585 [1993]; Pan and 
Charych, Langmuir 13, 1365 [1997]; Cheng and Stevens, Chemistry and Physics of Lipids 87, 
41 [1997]; and Cheng and Stevens, Advanced Materials 9, 481 [1997]) is only beginning to 
be exploited. These materials exhibit rapid response times, selectivity, and optical signals that 
are easily monitored. As free-floating aggregates in solution, these lipid-based detectors show 
promise as simple assay systems. As immobilized films, liposomes, or other forms, these 
detectors provide durable, robust colorimetric sensors that can be easily incorporated into 
small detection devices (e.g., a detection badge). 

Unlike other polymerized lipid based technologies (See e.g, U.S. Patents 5,268,305 
and 4,859,538) the methods and compositions of the presently claimed invention provide a 
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,^ny d«ec«ble co,orin,emc change i„ .he pCymerize. — - do no. *e 
. .,.ci„= device These o.he, technologies rely on lipid matenals to are 

— nse „ — chen,i— , nhe. 

^cs .rating coupler, surface plasmon resonance, po,enrion,e„ic and an,pe™n.e«c 
T . 'L filed effect transistors, pie««lec.ric sensing, or surface acousttc wave for 
ir:^: in the poiynteri^d matertal. interpreting the signal, and converUng it .nto 

!:„„„ that can he read and understood by a huntan. There are ™,or drawhaCs to 
Z devices, such as their dependence on the transducing device, whtch prev^ts 

, '„ and reauires a power source. These disadvantages make such devces tt,o 
~C o — eahle for tnany routine detection applications such as field 
Z r: .nan. of these devices are lintited h, the lac. of stahilitv 

ir:: ^^^^ — - — 

dete J Ihods comprising chennca, modification of PC.-vesiCes h, -r^-" ~ 
u r „ 4 (PLA ) These methods offers a new pathway of inductng the 

r 1;—., .he co.. change of ....^ ».uao. . 

biochromic eiieci. lu pi matrix. 
. • u v,v^rnlvsis Of a natural, unlabeled enzyme substrate embedded m the PDA matrix 
rrer r, .he P.esen.,y clawed inven..on demonstrates that the — 
transiUon of the PDA vesicles is supp^ssed by the addition of a l^nown phosphohpase 
inhibitor oroviding applications in high throughput drug discovery. 

"In! inl.on also provides an array of biopolymeric ma.=Hals incorpo^ted 
. ■ „,e device such .ha. each individual secion of biopolymeric ma«ial respond 

o dX: .eacons or to a gtven reaCon. Such arrays can be designed so *a. 
l ce of a cer.ain reaCon wi.1 produce a color change in a " 

r:::.r"d r: .e^n. .nven.. .ending such easily — ^^^JJ 

"■"" IT Z pl« — provides methods and compositions for the charac«r,^.n 
of memri realgements to overcome many of .he d— of ^en* - 
technologies indi-ec. deletion, sample purification, cos. and use of rad,oac.,v..y 
Other hazardous materials). 
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DETAILED DESCRIPTION OF THE INVENTION 

The presently claimed invention comprises methods and compositions related to 
biopolymeric materials that change color in response to membrane rearrangements (e.g., lipid 
cleavage). These biopolymeric materials comprise many forms including, but not limited to, 
films, vesicles, tubules, multilayered structures, and solvated rods and coils. These materials 
are comprised of polymerized self-assembling monomers. In some embodiments, the 
biopolymeric materials comprise more than one species of self-assembling monomer. Some 
of these self-assembling monomers may lack polymerizable groups. In other embodiments, 
the materials further comprise dopant material(s) that alter the properties of the sensor. 
Dopants include, but are not limited to, polymerizable self-assembling monomers, non- 
polymerizable self-assembling monomers, lipids, sterols, membrane components, and any 
other molecule that optimizes the biopolymeric material {e.g., material stability, durability, 
colorimetric response, and immobilizability). The biopolymeric material may further 
comprise ligands (e.g., proteins, amibodies. carbohydrates, and nucleic acids). The ligands 
can provide attachment sites for recruiting molecules to the biopolymeric surface or can be 
used as binding sites for analytes. whereby the binding event causes a colorimetric change in 
the biopolymeric material. The various embodiments of the presently claimed invention 
provide the ability to colorimetrically detect a broad range reactions and analytes. With 
certain biopolymeric materials, a color transition in response to a reaction can be viewed by 
simple visual observation or, if desired, by color sensing equipment. The presem invention 
further provides a variety of means of immobilizing the biopolymeric material to provide 
stability, durability, and ease of handling and use. In some embodiments, a variety of 
different polymeric materials are combined into a single device to produce an array. The 
array can be designed to detect and differentiate differing types or quantities of reactions or 
25 analytes {i.e., the array can provide quantitative and/or qualitative data). The methods and 

compositions of the presemly claimed invention find use in a broad range of analyte detection 
circumstances and are particularly amenable to situations where simple, rapid, accurate, and 
cost-efficient detection is required. 

30 The description of the invention is divided into: I. Forms of Biopolymeric Materials; 

II. Self-Assembling Monomers; III. Dopants; IV. Ligands; V. Detection of Colorimetric 
Changes; VI. Detection of Membrane Conformational Changes; VII. Immobilization of 
Biopolymeric Materials; and VIII. Arrays. The biopolymeric materials described in these 
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. . . „„ A= -resence of analy.es (e.g., pathogens, chemicals, and 
.^Uons can he des-snel '^ ^^^^.^ r^--^ ■ ""'^ 

''"""^ ^l^e^Tla; - - .0 - hlo.l,.enc n..eHa,s ^ accomplish - 
In some embodiments. It may DC „ materials J? , optimization of 

The OP..— ^^^^ 

differences, it is noted. 

, FORMS OF BIOPOLVMERIC MATERIALS 

• 1 thi* nresentlv invention can take many 
The biopolymeric material of the presently ^^^^^^^ 

— • - - r. iLrr^r— r: . so^c emho.men., . 

helical, tubular, and fiber-like shapes, a ^^^^ 

•oic ^irp qolvated polymers m aggregate luim 

overcome during .he developmcn. of .hese ma.eriaK 

invention comprise biopolymeric film. As 3eif.assembling organic 

fw^ Hesired matrix-forming material (e.g., sea 
prepared by layenng d.e des,red m ^„^,i„,„,. .he fonna..o„ suppor. «s : 

monomers) on,o a fon„a.,on suppor.. ^ _ ,,,„ed on.o an 

l;^^ an a,nL solu.ion. The ma.nal «3S 
a^eous surface crea«d by B""^ J embodime^s, 

rzr:::— :id.d.^u^^^^ 

— 1:2;: — 1. . some embodhnen. 
exposure. 
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In some e„.6odtae„,s, diacetylene ™„„„„e. (DA) were „^ as fl,e self.a=^„b.tog 
monomer. The diace^-lene monomers (DA) we. polymerized u, polydiaeecylene (p-PDA or 
PDA) usmg u,.avio,e, inadiatio.. ,„ prefened embodiments, U,e U.«viole, .adiaUon so-ree 
■s kep, sufflciemly far from ,he fi,m ,0 avoid causing l>ea. damage io ,he film Tfe 
crysalhne morphology of ,he polymerized film can be readily oteerved benveen crossed 
polarizers in an optical microscope, although Ms step is no, r«,„ired by Ae present 
.nventton. The conjugated backbone of alternating double and triple bonds (/.... ene-yne) .ha. 
was generated follo^ng polymerization, gave rise to intense absorptions in the visible 
spectrum and led to a distinct blue/purple appearance of the polymerized diacetylene film 

In cenain embodiments *e visibly blue films were then transferred to hydrophobized 
solid supporis, such that the carboxylic acid head groups were exposed a. the film-ambien, 
interface (Charych e, a,.. Science 261: 585 [,993]) to undergo further analysis, alUtough the 
meUtod of the presem mvcntion does no, require this step. Linear striations typical of PDA 
nims can be observed in U,e polarizing „p,ical microscope. The marerial may also be 
charanorized us,ng a,omic force microscopy or other characterization means (See e . 
Example 2). * ' 

The presently claimed invention contemplates all other means of making films as 
several other methods are known in the art. For example, films can be made by solvent 
casmg (,,., 3,ow evaporation of the solvent). Also, lipid monomers can be made with siiane 
or th.ol anchoring groups, which allows dipping of solid supports into the solution to form a 
coated solid support. Diacetylene monomers are anchored by the siiane and thiol groups and 
are then polymerized. This method eliminates the need for a trough. 

B. Liposomes 

In other embodiments, the biopolymeric material used in the presently claimed 
invention comprises biopolymeric liposomes. Liposomes were prepared using a probe 
somcation method (New, Liposomes: A Pracrical Approach, Oxford University Press 
Oxford, pp 33-104 11990]), although any method that generates liposomes is contempiated 
Self-assembling monomers, either alone, or associated with a desired ligand, were dried to 
remove the formation solvents and resuspended in deionized water. The suspension was 
probe sonicated and polymerized. The resulting liposome solution contained biopolymeric 
liposomes. 
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differ ftom monolayers films in bo* to physical charaeterisucs and 
Liposomes ^'^^^^L L. Monolayers and films (or mulfilayers) made ftom 
>„ .he merhods re,.r^ ^ , .«o-dime„sio„a. arehi«c.ure. 

anrp^phiUc ^^^^^.^^^^^^ „ ...ertals .ha, are supporred by an 

Monolayers and films, m this eentrosymmetric multilayer 

underlying solid substrate as sho»n ,n F.gure 1. ^'^l^ j Lln^^s are desoribed 
nmr. While films X and Z are noncentrosymmetrtc ^''^^'^^^^ ^22^ 
c articles and have been reviewed in text such as Ulman (Uiman, 
- numerous ^.cies and Self-Asse^^ly, Academic Press, Inc., 

Boston, [19911) and Games (G ,,„^ast to films and monolayers, liposomes 

Interscience Publishers, New York, [1966]). In contra ^ 

. • th«t enclose an aqueous space as shown m Figure z. rigux 
are three-dimensional vesicles that enclose aq P ^. j^^^f of a 

;:::::,r:— ^^^^^^^^^ - : - 

irposome. These ma er,a 

^■^^ oe^^^ vor. u...) 

- they entrap materials within their aqueous comparmrents. Fthns 
can be constructeo so ma materials within a 

and films are prep^d using differem medtods. Liposomes are prepared 

L posomes and tilms are prcpoi e, ^ •„ :„ the liauid phase. 

.tphi...^.^.^^^^^ 

T'TsoTd I^oTis th n passed through the interface to transfer the film to 
— -""TupoIrL within homogenous aqueous suspensions and tnay ^ 
^ . d --^-J-^^^ ^ ^^^^ ,,,p3oids, squares, rectarrg.es. and tubules, 
created m a variety of shapes sue v ^rimarilv water. In some 

- - ^ !:i:etee—: — ^ eel, membrane. . 

':^7Z7:: l ^. .nay lose th.r shape and no longer e.is. in a 

... - — - :r ^ — or 

, heterogeneous coatings, inunobilized onto a sohd support 

film can be in contact with air. other gases, or other hqutds. Fams can d ^ 
11 their planar monolayer or multilayer structure and thus remam as films. 
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A much higher concentration of polymerized material can be achieved with liposome 
solutions compared to monolayer assemblies, due to their greater cross-sectional density 
Liposomes have the advantage, generally, of making the color change more visually striking 
and increasing the colorimetric response (See e.g.. Figure 3 showing the colorimetric response 
of immobilized sialic-acid-containing liposomes (I) and films (2) to the presence of influenza 
virus). 

In designing methods to generate the liposomes of the present invention, several 
difficulties had to be overcome. While it was initially hoped that liposomes could be 
generated with the self-assembling monomer material (e.g., diacetylenes) used in various film 
embodiments (i.e., film embodiments of the present invention discussed above and in 
Example 1), it was not known whether this would be possible, largely due to the differences 
in liposomal and film architecture. Liposomes are three-dimensional instead of two- 
dimensional. Therefore, it was not clear whether 1) the diacetylenic lipids would actually 
form liposomes at all; 2) whether they would polymerize if they were capable or forming 
liposomes; and/or 3) whether they would exhibit colorimetric properties even if they could be 
polymerized. 

Regarding the first point, it was not clear that the single-chained diacetylenic lipids 
would actually form liposomes. This is because the majority of the literature shows that 
single chain molecules tend to form micelles (/.... loosely packed single-bilayer suspensions) 
whereas only double chain molecules can form liposomes. Furthermore, as described by New 
(New, supra), the double chain molecules typically used in liposome formation are derived 
from natural cell membranes and usually have a classical phospholipid structure incorporating 
such molecular components as phosphodiglycerides and sphingolipids. unlike the diacetylenic 
lipids of the present invention. 

Initially, attempts to form liposomes with diacetylenic lipids using standard methods 
such as vortexing or bath sonications were tried (i.e., methods that are similar to those 
commonly applied to phospholipids). These methods failed to form liposomes and resulted in 
the formation of an insoluble, non-dispersed, non-characterizable mixture. This mixture did 
not exhibit colorimetric properties. Applying differential scamiing calorimetry, it was 
determined that the T„ (main phase transition temperature) of the lipids was much higher than 
their natural phospholipid counterparts. For example, Figure 4 shows a heating curve 
depicting the large main phase transition for unpolymerized liposomes prepared from lysine- 
derivated PDA monomer. Therefore, it was necessary to employ higher energy methods such 
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""^ " ri:: rrri— .,..s ^ ... .a ... 

. „ "l«o„ wi,h respect to one another. The polyn^eHzation of poiyd,ace,y.ene 

distance and oriemation wun p , , „„„ This is why the molecules must 

is therefore a -solid sute" or topochemical polymerizauon. Th,s why 
r I^L packed to allow cross-linking. This precise pacicing can be controlled ,„ 

Id fills at the air-water interface using moveable barriers of Langmuir appara^s 

71 sting transferred to a vertical plate. In the case of liposome fom^tton, no 
X:ir— " . possible. The lipids assemb..d ^J^^^ 

_ce and - — 

r nl"; 17^ : sufficient .0 allow the polymeH^lon reacdon to take P^. 
" '""I ntost difTtcult aspect was cross-linkhrg the liposome diacetylen. 

,• H to generate a polydiacetylene conjugated polymer (U.. polymertzed 
: : ro::^:;^ backbone th. pro^des the liposomes ^h .he 
r::cl.andpo,e„tUllya,lows.hede«..onofbio,o.ic^^^^^^^ 
„leco,orcha„.p^^byt^b^ngo^^^ 

after the liposomes were formed {i.e., using ultraviolet 

f^.,nH that thev did not polymerize at all upon exposure 
temperantre. was found that they d P ^^^^ ^^^^^^ 

-is was su^ismg -^'^L^^ „„ce dte lipids 

"^Z Z:^Z n Have undergone the topochemical polymert^tion as 
T^ZT^^L diey did no. as appar^tly the lipids were still fluid. Pu*cr 

descnbed above). Howe „ ,xEM) proved that the liposomes were not 

analysis by transmission electron mtcroscopy (TEM) pro .haracterisUc 
crystalU^d. These room temperantre liposomes aggregated tnto l^ge g 
Jnon-stabUized fluid phase liposomes as shown in the mtcrograph ™ 6. 
, .^se ob^vations. it was hypothesi^d diat there was a hysterests f^«. m * 

hea^ng/coollngcurveofthesematerlals. ^XltTwl oled to «. 

development of "supercooling- method. In *e. ^'^^^^l^'^-^^^ _ ^ 
siting in the successful crystallization of dte hp.ds. After the coolmg 
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it was found that the liposomes could be polymerized, even when raised back to room 
temperature. Polymerization was evidenced by the blue color of the material and the 
absorbance at approximately 630 rnn. In contrast to the liposomes that were not supercooled 
these hposomes crystallized into squares, rectangles, ellipses, or spheres that maintained their' 
structure mdefmitely, as shown in the micrograph of Figure 7. 

All of the above experimentation for production of suitable liposomes for various 
embodiments of the present invention (i.e., experimentation described above), is in direct 
contrast to the methods used to produce films. Films can be formed and polymerized at the 
same (i.e., ambient) temperature. 

Regarding the third point, even with the polymerized liposomes, prior to the 
development of the present invention, it was not known whether they would exhibit color 
changes m response disruption of the biopolymeric membrane. For instance it was not 
known whether the different lipid packing architecture of liposomes would permit the color 
changes observed with the tilm embodiments. It was only through further experimentation 
that optima! hposomes were developed for colorimetric detection of analytes. 

C. Other Forms 

In other embodiments, it is contemplated that variations in the heating and cooling 
rates, agitation methods, and materials of the biopolymeric material will provide other 
nanostructures. Such nanostructures include, but are not limited to, multilayers, braided 
lamellar, helical, tubular, and fiber-like shapes, and combinations thereof Such structures 
can, m some embodiments, be solvated polymers in aggregate forms such as rods and coils 
For example, it has been shown that the chain length of the monomers effects the type of 
aggregate that forms in solution (Okahata and Kunitake, J. Am. Chem. Soc. 101: 5231 
[1979]). Generation of these other forms with surfactant materials has been described for 
double chains (Kuo et ai, Macromolecule 23: 3225 [1990]), lamellae (Rhodes ./ al 
Langmuir 10: 267 [1994]), hollow tubules and braids (Frankel ai, L Am. Chem. Soc. 116 
[1994]). In some embodiments, colorimetric tubules were generated. As described in 
Example 1, tubules were prepared similarly to liposome, except that 1-10% of an organic 
solvent ie.g., ethanol) was added to the solution prior to sonication. The present invention 
also contemplates other shapes suitable for particular uses as desired. 

In other embodiments, soluble polymers of polythiophenes can be generated. In some 
embodiments, sugar groups, peptides, or other ligands can be synthesized as thiophene 
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aerivMive. an. .h=n pCy^eri^d as co-po,y»=rs. A,.n»,e,y, NHS «s of *tophe„e 
I be polymerized and H,a^ groups can be arrached after .he po,yn.e, has forced 
Is^IL bel„«). The rhiophene polymers are rendered wa.er soluble by ,he add.u„n of 
*"p3 ThL .ey ean be syn*esl.ed .o .eely dissolve In aqueous s„lu.lon, creaung a 

colorimetric solution. 

n SELF-ASSEMBLING MONOMERS 

' ,n certain embodimenrs. the present invention contemplates a vartety of self- 
.semblin, monomers that are suitable for formaUon of ^^^'^"--^^^ 
_rs include, but a. not limited to. acetylenes, d.acetylenes (. ... S.T-doco^dtyno, 

7; 7 „enta«,sadiynoic acid, and 10,12.pen.acosadiynoic acid), alkenes. thtophenes. 
i^rnrtmidL. acrylamrdes. methacrylate. vlnylether. malic anhydride, urethanes. 
allylamines. s,loxanes, poly-sllanes. anilines, pyrroles, polyacetylenes, poly (para- 
pMe.evmylene). poly .para-phylene,. and vlnylpyridinlum. Lipids con».n.g the. ^ps 
11 be homopolymers or mixed polymers. Furthermore, monomers wtth a van t, of head 
;^„ps ate contemplated. Including, but no, limited to ca.bo.yllc acid hydroxyl ^ 
^ amine functionalities, am.no acid derivatives, and hydrophobtc .roups Ceru^n head 
'™ps may act as reco^Uion sites for b.ndln. to analy.es. allov^n, d.rec. — tnc 
eJtion. simply .hrou,h exposure of the blopolymeHc ma^nal to the anal^. 

The blopolymeric material of the presen. invention may compnse a -8'' ^P--° 
self-assemblin, monomer may be made enhrely of 5,7-pentacosadiyno.c ac.d, o ^y 
:lrr se t»o or more species. To produce biopolymer,c mater.al with more th^ one ^ of 
risembling monomer, solvents containing the individual monomers are combmed m the 
ratio. This mixture Is then prepared as described above layenn. onto ^ 
surface of a Langmulr-Blodget. device for mm preparation or evap^^ed ^ 
Suspended in acueous soluUcn for liposome preparaUon). .n some — ^ 
^Jbling monomers may be chemically hnked to another molecule hgand, 

,n preferred embodiments, diacetylene monomers are used as the self-assemblmg 
. of *e blopolymeric material of the present invention. The present inventton 
m a ^lo'; dlacetylenes including, but not l,m« to .,7-docosadlynotc .1 
contempidic . . -^^.n pp A^ and 10 12-pentacosadiynoic acid (10,12- 

(5,7-DCDA), 5,7-pentacosadiynoic acid (5,7-PCA), and lu, 1/ pern 



PCA). 
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The presently claimed invention further contemplates the optimization of the 
biopolymeric material to maximize response to given reaction conditions. Although it is not 
necessary to understand the mechanism in order to use the present invention, and it is not 
intended that the present invention be so limited, it is contemplated that the chemistry of the 
particular lipid used in the biopolymeric material plays a critical role in increasing or 
decreasing the sensitivity of the colorimetric transition. For example, a positional variation of 
the chromophoric polymer backbone can alter sensitivity to a given anaiyte. This may be 
accomplished by moving the diacetylene group closer to the imerfacial region as illustrated in 
Figure 8. showing 5,7-pentacosadiynoic acid (as opposed to 10,12.pentacosadiynoic acid). 
Altering the placement of die polymerizable group to the 5,7 position in the monomer, 
dramatically improved colorimetric sensitivity in some embodiments (See e.g.. Example 3). 
In addition, shorter or longer chain lengths of PDA were shown to have an effect on the 
sensitivity of the biopolymeric material for anaiyte detection, presumably due to changes in 
packing. In some analyte-detecting embodiments, such improved sensitivity allowed detection 
15 of small analytes (e.g., bacterial toxins such as cholera toxin from Vibrio cholerae and 
pertussis toxin, as well as antibodies). It is contemplated that further optimization will 
generate sensitive materials for the detection of many reactions, rearrangements, and analytes. 



10 



20 



A. Polymerizable Group Placement in Monomer Carbon Chain 

The carbon chain length that positions the head group a specific distance from the 
polymer backbone in the final polymerized material is dependent on the position of the 
polymerizable group in an unassembled monomer. In the case of diacetylene liposomes, it 
has been shown that a diacetylene group positioned from between the 18-20 positions to the 
3-5 position in the monomers produced progressively more sensitive liposomes when used for 
the detection of analytes. Liposomes produced from monomers with the diacetylene groups 
from the 10-12 position to the 4-6 position provides particularly efficient control of 
sensitivity. Diacetylene groups positioned in about the 5-7 position are preferred for certain 
embodiments, such as cholera toxin detection. The production protocol for the monomer 
detennines at which position the diacetylene group will be placed in the final monomer 
30 product. 
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, ™.. Cr^n .3. .ounces *e Uv.. of 

TKC ^ carbon ^ ^ ,,,,, ^ *e posUion of *e 

sensitivity of the liposome product, altho g ^^^.^ 

poiyrneri^ie sroup in ..e — ^^^^^ ^„ — ents. The 

provides for greater sensttmty for. as determ 

_ers...areid.«y.=.-n — 

z:::::: ^ — ■ ^ ^'^^^--^ °' " 

iength in the present -■'-^■'^ '^^'■^ „f ,,e poiytnerizaHe gtoup 

The influence of monomer cham lengths an p i„ tt„ case of 

optimal detection conditions of interest. 

,„. DOPANTS f,heorescn.invcnt,on may further comprise one or more 

^ hiopolymertc — ° * J^l, „primi. desire properties of the 
matcrtais. l^^. ^ ^ eoioHmetrlc response, 

biopolymeric matcnals. Such prop ta„„bilization, temperature 

color, sensitivity, durability, robusmess, '^J Upids, 

sensitivity, and pH sensittvity. ^^^^ ^^l!;^^,,^ pep.de. or any other 
cholesterols. st»oids. ergosterols. polyethylene ^ P^ 

molecule ..... surfactant, f ^^j:;:: L'^ho.^^^^^^^^^ 

phosphaUdylinosttol, phosphattdyle eerebroside, 
pbosphatidic acid, phosphatidy.m«han„l, — J^"^^ ' p,„sphocholine, N- 

phosphatidylcholine, --■-''^^^J^r: til. co^nents of ceil 
«„Unyl phosphatidyleth^tolamine, ^^J^' ^ fiims). For 

membranes, that can be ---j; ^ 1^^— « 
— - — ^ ^:Xscl-°mprising ganglioside and PDA provided a 
derived diacetylene monomers to hposome 
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of a^aly. n,s .mprovemen, ,„ colonic .spoose using dop^, is ex,^,,, 

l.p.ds p... u,. „e ,i,a^ „ ^„ ^ 

- no, covalen.,, „„,ed « *e poiy^er S,ck^„e J, 

In some embodin,=„«, dopa„,s are added ,o aiter ,he color of blopolymeric 

red. bm also blue .„ orange, purple ,o red, pun>le » orange, green ,o red, ^d green ,o 
orange. For example, gluumine derivaiized PDA produced ve^ dark blue (/... ataos, black, 
,„ o.er en,bodi„e„.s. green liposomes „e. pr<.„ced wi. ,c,es Ir annelf 
(.. .. heaang ,o approx,™a,el, 80-C) and cooling (i.., ,o a„,bie„, ,e™pera,„,e., prior „ 
po.yn,e„..io„. Tbe advan^ge ,be „„„i.color approach is .ba, sensors can be „ade 
where a specific reaction lums the material a specific color 

Different dopant tnaterials can be combined in a single biopolynteric material 
P|.parat,on. For example, the present invention provides a dopant cocktail that Is a tnix of 
glucose and stalic acid-derived polydiacctylene. The glucose component of the dopant 
mtxture appeats to act primarily to prevent non-specif,c adhesion to the surface of the 
■nventtve liposome and may also enhance sensitivity. The polydiacetylene bound sialic acid 
^mponent appears ,„ functionally destabilize the surface to provide a dramatic inctease in 
s^nstuvty for analyte detection. By using this co-dopant approach, both specificity of 
a^ston and sensitivity can be optimized, without unduly comp..mising the structural 
integrity of the biopolymeric material. 

Although h is not necessary to understand the mechanism in order to use the present 

ad^-n of dopan, lowers the activation bather of the chromatic u^sition anlr 
^ des a cotmectton between the ligands (/.c. if ligands are ptesent) and conjugated 

dunng the development of the present inven^on is that dopants with bulky headgroups (e , 
s^c actd-dertved lipid monomers, a„ subiec. to various solvent intccUons at the 
surface, destabilizing the structure of the blue film tmd thus allowing relatively small 
perfurbauons provided by the localized membt^e tearrangements to complete the 
colonmetric transition. Another possible expia^ttion for the improved colorimetric tesponse 
obsen-ed ustng dopants with bulky headgroups is that the stearic effects induced by thr^ 
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f o.,^ivtp or other molecule with the 
• • ^„^nt a P the interaction of an anaiyte or ouic 

biopolymenc matenaij may 

perturbation caused by the anaiyte. .iacetvlene or a modified diacetylene 

u^^itnpnts the dopant comprises a diacexyicnc u 
In certam embodiments, the aop derivatized 

1 \ chnnld be noted that in tms case, uit « 
sialic acid derived d.ace.y,e„e). I " „„, „^ ^ . 

„pid is used to modify .he propen.es of the b.opol n, ^.^ 

. fr^r an analvte detection (e.g., as in mc ^ao 

„„,ecu.ar recognmon ^"'/"^ ^ aiaceiyieneW po.ymerie ma«ria, 
used to detec, influenza v,rus). For example, ^.^ 

.ontainm. only sialic ac.d derivanzed '^^X^l, *a. *ere »as an ins„meien. 
.o neuro..ns .... ^---^^::Zl:Z:,^ lipi. .o induce 0.= color 

— r: ri:::r prodded . afrmi. for 

change. However, when * ^ ,„ ^,,,„« „f 

neurotoxin. In this exoiup > 

^.lioside 0» ^ ^.^^ .aerials will find use in opdrmzin, 

U ,s contemplated that ... „^ various embodiments of the present 

^ properties of the biopo,ymcr,c ^ " „ are generally 

invention. Matenais that are consutuents of cell ^^^^^^ 

- - - a i^n—i stabni^non to the 

..entia, dopants ^ ^ J--/; l^^., ,so may serve as dopants, whetber or no. 

hiopolymeric matertal. Surfactant ^ ^^^^^ 

^ - PO>.-H.ed •» „^ „„. . p„,.eri.ble group, has been 

..ample, the detergent ™ Hposomes of certatn 

shown .o provide a very """^^ ^ can be used as dopant 

3 .„t«,diments of the present — ^ve a bydropbobic region 

^ peptide-detergents (/.e., small amphtpathtc n These small peptides 

^imiClng the membrane ^^-^j::^:^:^ «»P».- " 

rtrs:::;::::-^^^^^^^^^ 
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The „os, appropriate percc„u«e of dopan, i„o„^„,,„, ^ 
bK.My.eno .a,eria, is .ependen, o„ ,.e pariio^ar ^3.™ ^i„, <.„e,ope<,, ^Tn^ 

favor of .opg 3he,f ,ife, or ,„ acco„„„.a. rigoro. fle,d oo„d,lo„. T,e acoeZe 
P=.e„,a,e of dopan, . .he„re«ca«, ,ta.ed .0 ,ha. „«ch wiH „o. preCud suLen. 
.pcon>ora,,o„ of .he i„dica.or po,ydlace,„e„e .o,ec„,es ,0 produoe ,he L^ ^^ 
.OP.. . oo,or eha„.e or ,0 ,ha. „h.h disrup, ,he s..„. of .e po,Z " .Ires 

Mo ar pe,^„.a,es 0, dopan. cap vary from as ,o„ as O.OP/. whe. increases of 
sens, .v,ry have ^ ohserved in cenain e„hodi„en«. .0 as high as 75-/.. after Jchl 
~, ,„.e^., nhe hiopo,y„e„c „a.eHa, .ypicai.y ,e,i„s ,„ dceriora. Hole! 

lower than 0.01%. A preferred range for dopant is 2% 1 no/ i 

fa '"certain embodiments of thp 

P.sen, ,„ve„„o„. ^e op„„a, perce„.,e of dopan, ,s aho. ,S.e H,an,p,e ^ 
). For e.an,p,e. for .he de,ec„on of cholera ,„xi„, i. „as found ,ha, a f„„ .Z^^^Z! 

rrr r'"^"' ,p„,,, ^^^^^^^^ ^ resn,.ed , : , 

blue .0 red color change when .he film was ,„c„ba.ed wi,h ,he anaiyte 

In seleaing appropriale i„c™pora,ion n,e,h„ds for U,e dopan,. ,here are sev«al 
competmg considerations. For examnle fr^r th» o • • , 
^ . ,. example, for the sonication bath method for production of 

oT:r:c^r„~Tr r - ~ - ■ °- 

of process,„g. Th,s rela.,vely slow, gemle incorporation „,e,hod allows ,he incorpo,a,ion of 
compa^tively large or con,ple. dopan. n,a«rials. However, d,e sonicacion ^ZpZ. ! 
only sn,„Blc when i. is .„,e„ded ,ha. a relatively low perce„«ge of dopan. is ,„ h 

.ncorpora,ed. The poin, prohe n,e,hod allows ,he inco,poration of a „nch higher pe,ce„,age 
o d _ ^ ^^^^ ^^^^ ^^^^ . P 

2 ~s ,yp,cally l.n,i«d ,0 incorpora,io„ of sn^all .0 in.^edia.e s,^ dopan, 
— . 7.0 .„pcra,„re chosen for incorporation are sele^d hased on .he pa^cnlar 
analytical sys«„ and liposome paran,e,ers desired. A practi.i„ner will he able o se J 
~ snch as p„. Choice of dil„e„.s, and oU,er facors hased on ,he par-icuiTrL 
and des,red oharacKrisncs of fl,e biopolymeric mattrial 

Wide rateTohJ'Tr^ "■"^^"''^ ^" ^^""'-i-^ » 

wde ^e of phys,cal cha,«eris,ics. T„ese dopant are no. ti,e same as fUler molecules 

„ Observed in biological memb^es (,.e., choles^rol. pro,ei„s. lipids. de.erge:: 
They d.<rer .„ ,ha. U,ey provide oni,ne and specific fu„ctio„a|i„ .„ a given sensor sysl 
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The design of several dopants 4a. provide specific functionality to the non-synthetic 
embodiments are described below and in Example 4. 

A simple system has been designed so that the PDA molecule can eastly be 
derivati^. The synthesis is shown in Figure 9. Here, ,0,12-pen.acosadiynoic acid ts 
modified to amine-couple to any molecule with a free amino group. Since all amino actds 
have a free amino group (lysine has 2 fr« amino groups,, the 20 antino acids were each 
placed on the head of PDA molecules. Each one of the derivatized PDA molecules has 
special properttes Utat allow special functionality to be incorporated into the biopolymenc 
material. For e glutamine-PDA doped materials were the most sensitive, most water 

.oluble, and most consistent colorimetric sensors. The properties of some of the other a^no 
acid-derivated PDA molecules are described in Example 4. Tl-e water solubthty, abthty to 
fonn nims and liposomes, color, and colorimetric response for representative am.no ac,d- 
derivcd diacetylenes is shown in Figure 10. 



IV. LICANDS 

The biopolymeric materials of the presem invention may further compnse one or more 
Hgands. Ligands can act as the recognition s,.e in the biopolymeric materials for analy.es or 
as anchors for recruiting molecules or locali^ng reacttons to the biop<,lymenc -f"- >" 
some embodiments, upon the interaction of the analyte with the ligand or "B- -^-^n 
of the polymer backbone of the biopolymeric material occurs, resulttng m a de«table color 
„ansi,ion. For the detecUon of lipid cleavage ructions, it may be desired to tden„fyd« 
presence of a particular cleavage means (i.e.. an^yte) through such a colonmemc change, 
some embodiments, biopolymeric material comprising a ligand an antibody for a 
parUcular lipase) for the cleavage means can be placed in a device next to ^enc 
material that detects the cleavage means reaction itself (de^ribed below). In thts manner, 
both the presence and the activity of the cleavage means are detected in a single devc. 

Ligands can be linked by a linking arm to the self-assembling monomers, dtrecUy 
liriced to the monomers, incorporated into the biopolymeric matrix prior to or durmg the 
polymerization process, or attached to the matrix following polymerization (.-g.. by hricmg 
'gands to matrix constiments that contain head groups that bind to the ligands or tl^ough 
other means). For example. Figure 11 provides a schematic depiction of - ""-^""^^ 
the present invention. Compound 1 shows a receptor-binding ligand (i.e., stahc ac.d) attached 
to one t^nal end of a spacer molecule. The second termini end of the spa^r molecule ,s 
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attached to one of several monomers (e.g., 1 0, 1 2-pentacosadiynoic acid) that have been 
polymerized so as to form a chromatic detection element. Compound 2 shows the 10,12- 
pentacosadiynoic acid without an attached ligand. 

The ligand group of the present invention can be comprised of a wide variety of 
materials. The main criterion is that the ligand have an affinity for the analyte of choice. 
Appropriate ligands include, but are not limited to, peptides, carbohydrates, nucleic acids, 
biotin, drugs, chromophores, antigens, chelating compounds, short peptides, pepstatin, Diels- 
Alder reagents, molecular recognition complexes, ionic groups, polymerizable groups, 
dinitrophenols, linker groups, electron donor or acceptor groups, hydrophobic groups, 
hydrophilic groups, antibodies, or any organic molecules that bind to receptors. The 
biopolymeric material can be composed of combinations of ligand-linked and unlinked 
monomers to optimize the desired colorimetric response (e.g., 5% ligand-linked dicosadynoic 
acid [DCDA] and 95% DCDA). Additionally, multiple ligands can be incorporated into a 
single biopolymeric matrix. As is clear from the broad range of ligands that can be used with 
15 the present invention, an extremely diverse group of analytes can be detected. 

In some embodiments, the self-assembling monomers are not associated with ligands, 
but are directly assembled, polymerized, and used as colorimetric sensors. Such biopolymeric 
materials can find use in the detection of certain classes of analytes including, but not limited 
to, volatile organic compounds (VOCs). 

In some embodiments, ligands are incorporated to detect a variety of pathogenic 
organisms including, but not limited to, sialic acid to detect HIV (Wies et ai. Nature 333: 
426 [1988]), influenza (White at al. Cell 56: 725 [1989]), Chlamydia (Infect. Imm. 57: 2378 
[1989]), Neisseria meningitidis. Streptococcus suis. Salmonella, mumps, newcastle, and 
various viruses, including reovirus, Sendai virus, and myxovirus; and 9-OAC sialic acid to 
25 detect coronavirus, encephalomyelitis virus, and rotavirus; non-sialic acid glycoproteins to 
detect cytomegalovirus (Virology 176: 337 [1990]) and measles virus (Virology 172: 386 
[1989]); CD4 (Khatzman et ai. Nature 312: 763 [1985]), vasoactive intestinal peptide 
(Sacerdote et al, J. of Neuroscience Research 18: 102 [1987]), and peptide T (Ruffe/ al, 
FEES Letters 211:17 [1987]) to detect HIV; epidermal growtii factor to detect vaccinia 
30 (Epstein et al. Nature 318: 663 [1985]); acetylcholine receptor to detect rabies (Lentz et al. 
Science 215: 182 [1982]); Cd3 complement receptor to detect Epstein-Barr virus (Carel et al, 
J. Biol. Chem. 265: 12293 [1990]); p-adrenergic receptor to detect reovirus (Co et al, Proc. 
Nafl. Acad. Sci. 82: 1494 [1985]); ICAM-l (Marlin et al. Nature 344: 70 [1990]), N-CAM, 
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,,,881) .o d..e« rhinovirus; polio virus r=c=p.or .o delect polio v,rus (Me„del«>hn e, .l.. CcU 
56- 855 [19891); fibroblas. growth factor receptor to detect herpes virus (Ka„=r e, a,., Sctence 
248- 1410 [19901); oligomannose to detect Escherichia coH: ganglioside Q„, to detect 

Neisseria .ernnsims. ^ -"""O- '« = "'"^ '^'^ ^"^'"^ 

,c„.rrhoe.e. V. ^lr,if.cus. V. parahaen.,y,icus. V. cholerae. and 

one skilled in the art will be able to associate a wide variety of l.gand types with the 
biopolyn,eric materials of the present invention. Methods of derivaUzing lipids with a d,ve^ 
range of cotnpounds <.g., carbohydrates, proteins, nucleic acids, and other chemtca, gn.ups) 
are well known in the art. The carboxylic acid on the terming end of lipids can be eastly 
modified to form esters, phosphate esters, amino groups, ammoniums, hydrazines, 
polyethylene oxides, amides, and many other compounds. These chemical groups provtde 
linking groups for carbohydrates, proteins, nucleic acids, and other chemical gron^ e^ 
carboxylic acids can be directly linked to proteins by making the act.vat«. est^r, foHowed by 
reaction to free amine groups on a protein to form an amide linkage). Examples of 
antibodies attached to Langmuir films are known in the art (See .... Tronin e. a,.. Lang»u.r 
„. 385 [1995]- and Vikholm « a,.. Langmuir 12; 3276 [1996]). There are numerous other 
means to couple materials to membranes, or incorporate materials within a membrane^^ 
including for example, coupling of proteins or nucleic acids to polymer mem ranes <Se e.g., 
Bamford c, al Adv. Mat. 6; 550 [1994]); coupling of proteins to self-assembled orgamc 
monolayers iSce eg., WlUner c, al. Adv. Mat. 5: 912 [19931), and incorporating protems 
.g, fawner « ... Biosensor and Bioelect. 7: 429 [1992,) am<«g 
others Protocols for attaching ligands (e.g. proteins, nucleic acids, and carbohydrates) to the 
colorimetnc materials of the present invenUon are demonstrated in Example 5. 

For example, the methods of the present invention provide a system to eastly at^h 
protein molecules, including antibodies, to the surface ^'^^^^'^ ^ 
Uposomes. thereby providing biopolymeric materials with "protein" hgands. Such Itgands 
include but are not limited to. peptides, proteins, lipoproteins, glycoprotems. enzymes. 
^ Channels, and antibodies. Upon binding an analyte (e.g.. enzyme substrate, receptor 
^ altigen. and other protein), a disruption of the polymer backbone of the btopolyntenc 
material may occur, resulting in a detectable color change. The pr«=n. Inventton 
contemphttes protein Uganda that are incorporated into the biopolymenc matenal and those 
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Chemically associated with the surface of the biopolymeric material (e.g., chemically linked to 
the surface head group of a monomer in the biopolymeric monomer). 

V. DETECTION OF COLORIMETRIC CHANGES 

The colorimetric change resulting from disruption of the biopolymeric material can be 
detected using many methods. In preferred embodiments of the presently claimed invention, 
a color shift was observed simply by visual observation. Thus, the present invention may be 
easily used by an untrained observer such as an at-home user. 

In alternative embodiments, spectral test equipment well known in the art is employed 
to detect changes in spectral qualities beyond the limits of simple visual observation, 
including optical density to a particular illuminating light wavelength. For example, using a 
spectrometer, the spectrum of the material was measured before and after analyte 
introduction, and the colorimetric response (%CR) was measured. The visible absorption 
spectrum of the material prior to analyte exposure was measured as B„=iy(Iy + I J where "B" 
1 5 represents the percentage of a given color phase at wavelength I, compared to a reference 
wavelength I,. The spectrum was then taken following analyte exposure and a similar 
calculation was made to determine the B,,„, The colorimetric response was calculated as 
%CR = [(B„-B,,„,)/BJ X 100%. 

Additionally, the presendy claimed invention can be, if desired, attached to a 
20 transducer device. The association of self-assembled monomer materials with transducers has 
been described using optical fibers {See e.g., Beswick and Pitt, J. Colloid Interface Sci. 124: 
146 [19881; and Zhao and Reichert. Langmuir 8: 2785 [1992]), quartz oscillators {See e.g., 
Furuki and Pu, Thin Solid Films 210: 471 [1992]; and Kepley et ai. Anal. Chem. 64: 3191 
[1992]), and electrode surfaces {See e.g, Miyasaka et ai, Chem. Lett., p. 627 [1990]; and 
Bilewicz and Majda, Langmuir 7: 2794 [1991]). However, unlike these examples, the present 
invention provides a double-check {i.e., confirmation method) by observation of color change 
in the material. 

In some embodiments, the biopolymeric materials of the present invention can be 
coated on thin PzT materials that oscillate at a resonance frequency, producing a 
microelectromechanical system (MEMS system). Thus, alterations in the biopolymeric 
material can be detected as a change in resonant frequency with colorimetric change 
providing a confirmation of event. 
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SensMvhy .=an al«. be enhanced by coupling >he lipid-polymer to a phcoclecmc 
device, colorimeter, or Hbcr optic up that can read at two or more specific wavelengths. 
Also, the device can be linked to an alternative signalling device such as a sou«h„g alarm or 
vibration to provide simple interpretation of the signal. 

AS described above, in addition to detecting the activity of analytes (e.g., hptd 
cleavage activity of lipases and membrane modification activity of transfemes). it may also 
be desired to detect the presence of analytes. The biopolymeric materials of the presently 
claimed invention can be used to detect a large v^iety of analytes including, but no. Itnuted 
to small molecules, microorganisms, membrane receptors, membrane fragment^ volaule 
or'ganic compounds (VOCs). en^mes. drugs, antibodies, and other relevant matenals by the 
observation of color changes that occur upon analyte binding. The presently clatmed 
invention worics under very mild tesung conditions, providing the ability to detect small 
hiomolecules in a near natural state and avoiding the risks associated with modificatton or 
degradation of the analyte. 

VI DETECTION OF MEMBRANE CONFORMATIONAL CHANGES 

■ AS described above, the presently clatmed invention provides methods for deteeUng 
conformational alterations in the biopolymeric material by observation of colonmetnc 
rlges. such conformational changes can be caused by the binding of an analyte to a Itgand 
(described above) and through the chemtcal modificatton of me biopolymeric matenal by 
chemical reactions (e-s.. enzymatic catalysis). 

,„ some embodiments, the presently claimed invention provides a stmple protocol 
using biopolymeric material and offers a practical approach to detecting interfacial catalysts, 
identifying inhibitors, and screening enzymes and other cat^ytic entittes (e.g.. catalyuc 
Ibols to Characterize thetr catalytic capabilities. These methods use naturM, unlabeted 
ItraJand catalysis or inhibition ts signaled by the presence or lack of a color t^tt 
of the surrounding lipid-polymer assembly. The one-step n»ure of the techn.,ue al,ov« for 
convenient adaptation to high throughput compound screening. This method is gen«raUy 
applicable to factors that affect enzyme recognition and activity, and influence membrane 

reorganization. j u • i 

Polymerized mixed vesicles are highly stable against chemical and physical 
degradaUon and offer a convenient, economical alternative to enzymatic assays that employ 
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radiolabled substrates. The vesicle stock solutions described by the present invention have 
been stored for over six months without affecting the results of the assay. 

Specific applications of the presently claimed invention are described below to 
illustrate the broad applicability of the invention to a range of conformational changes and to 
5 demonstrate its specificity, and ease of use. Phospholipase A., phospholipase C, 

phospholipase D, bungarotoxin, and other enzyme activities are illustrated. These examples 
are intended to merely illustrate the broad applicability of the presem invention; it is not 
intended that the present invention be limited to these particular embodiments. 

JO 1. Phospholipase A^ Activity 

PLA, activity has previously been studied in a variety of model membrane systems 
such as polymerized vesicles (Dua et al., J. Biol. Chem. 270, 263 [1995]), micelles (Reynolds 
et al. supra), and monolayers (Grainger et al, supra: and Mirsky et al.. Thin Solid Films 284, 
939 [1996]) using labeling techniques (e.g., radioactivity and fluorescence). The presently 
claimed invention provides biopolymeric materials incorporating PLA, substrate lipids for the 
colorimetric detection of PLA, enzyme activity. 

Biopolymeric materials were prepared with a combination of polymerizable matrix 
lipid (e.g., 10,12-tricosadiynoic acid) and various mole fractions (0-40%) of PLA, substrate 
lipid (e.g., dimyristoylphosphatidylcholine [DMPC]) as described in Examples 1 and 10. In 
20 some embodiments, the biopolymeric materials containing the PLA, substrate lipid were 

liposomes as shown in Figure 12. This figure shows DMPC substrate in a diacetylenic lipid 
matrix before (top) and after (bottom) polymerization. In their initial state, the vesicles 
appeared deep blue to the naked eye and absorbed maximally at around 620 nm, as shown in 
Figure 13 (solid line). Upon addition of PLA, to the DMPC/PDA vesicles, the suspension 
25 rapidly turned red (i.e., within minutes) and exhibited a maximum absorption at 
^proximately 540 nm as shown in Figure 13 (dashed line). 

The color change was modulated by altering the mole percentage of the natural lipid 
DMPC in the PDA vesicle as shown in Figure 14. A relative color change of 10% or more is 
clearly observed with the naked eye. Within minutes, liposomes containing greater than 20% 
DMPC exhibited strong colorimetric responses. Liposomes with low molar ratios of DMPC 
(e.g., 5%) also showed visually detectable colorimetric response after longer incubations. 
Vesicles that did not contain DMPC, remained largely in their blue phase upon addition of 
PLA, as shown in the control sample. 
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Biochromic transitions of PDA vesicles and films have been proposed to arise from 
perttirbation of the extended n-overlap of the conjugated polymer backbone. This structural 
rearrangement, induced in previous studies by multivalent receptor binding or penetration of 
peptide domains into the PDA matrix, results in absorption at shorter wavelengths, 490- 
540 mn) (Charych et oL Chemistry and Biology, supra; Pan and Charych, supra; and Cheng 
and Stevens. Advance Materials, supra). The intense color change observed upon the 
interaction between the enzyme PLA^ and the mixed DMPC/PDA vesicles indicates, that m 
this case chemical modification of the vesicles by interfacial catalysis provides an alternative 
pathway for inducing the biochromatic transitions. Thus, the presently claimed invention 
demonstrates a new means of inducing colorimetric change in biopolymenc materials. 

In order to confirm that biocatalysis was occurring at the DMPC/PDA vesicles, PLA, 
activity was independently measured using a labeled lipid analog incorporated into the PDA 
„.atrix. allowing simultaneous measurement of product formation and colorimetric response of 
the vesicles. The analog used was thioester l,2.bis-(S-decanoyl)-l,2-dithio-sn-glycero-3- 
phosphocholine (DTPC). Cleavage of DTPC by PLA.. produces a soluble thiol-modified lipid 
that readily reacts with 5.5'-dithiobis-2.nitrobenzoic acid (DTNB) to produce a colored 
product that characteristically absorbs at 412 mn (Reynolds et aL supra). Indeed, when 
PLA was added to mixed 40% DTPC/PDA vesicles, the hydrolysis products reacting with 
DTNB gave rise to a significant absorption at 412 mn as shown in Figure 15. At the same 
time the PDA vesicles also changed color, and the suspension exhibited a colorimetric 
response similar to that of the vesicles containing DMPC shown in Figure 13. These results 
confirm that interfacial catalysis by PLA,. occurred at the polymerized mixed vesicles. 

NMR experiments further verified the occurrence of interfacial catalysis by PLA,, and 
provided information of the fate of the enzymatic reaction products. Figure 16 features P 
NMR spectra of the DMPC/PDA vesicles prior to the addition of PLA, (Figure 16A), and 
following the enzymatic reaction (Figure 16B). The relatively broad, anisotropic -P 
resonance from the intact vesicles. Figure 16A, corresponds to the choline head-group of 
DMPC embedded in the PDA vesicles. The observation of -P anisotropy in Figure 16A 
indicates that DMPC molecules are immobilized within the vesicle matrix. After addiUon of 
PLA the ^'P signal was shifted downfield as shown in Figure 16B. The position of the 
resolce in Figure 16B coincides with the shift observed for the water-solubilized lyso- 
myristoylphosphatidylcholine, the hydrolysis product of DMPC. Furthermore, Figure 16B 
shows that the -P resonance observed in the suspension of the enzyme-treated vesicles 



- 43 - 



wo 98/39632 



PCT/US98/03963 



becomes significantly narrower than the ^'P signal from the initial DMPC/PDA vesicle. Figure 
16A, indicating a higher mobility of the phosphate group following FLA, catalysis (Smith and 
Ekiel, Phosphorous-31 NMR. Principles and Applications, Academic Press, Orlando, pp 447 
[1984]). This result suggests dissolution of the lysolipid reaction products following the 
enzymatic reaction. 'H NMR data indicating the appearance of a distinct lysolipid phase 
following the reaction with FLA, further supported this description. 
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II. Others Phosphoiipases 

Colorimeiric detection of interfacial catalysis by other enzymes such as phospholipase 
C (PLC) and phospholipase D (FLD) has been also achieved using the substrate-modified 
PDA vesicles, demonstrating that the methodology described by the present invention is 
generally applicable. These phosphoiipases cleave the polar head group region of 
glycerophospholipids, whereas phospholipase A, cleaves the acyl ester bond exclusively at the 
2-acyl position. 

The assay test for phospholipase D and C were run under similar conditions as the 
FLA, assays. Both FLD and PLC activity were successfully detected by the liposomes assay. 
The FLD assay yielded a final colorimetric response of approximately 55%. However, the 
shape of the response curve was more gradual than that of FLA,. Although it is not 
necessary to understand the mechanism in order to use the present invention, and it is not 
intended that the present invention be so limited, it is contemplated that either the kinetics of 
the FLD-catalyzed reaction are different or that the response time between the catalytic event 
and the color change is slower. The PLC assay yielded a final colorimetric response of 60% 
and the response curve was similar to that of PLA,. NMR experiments further verified the 
occurrence of interfacial catalysis by PLC and FLD. 

III. Bungarotoxin (BUTX) 

p-bungarotoxin, a snake toxin from Bungarus multicinctus, is known to destroy 
synaptic vesicles and inhibit acetylcholine release. It is classified as a FLA^ toxin and is 
composed of two subunits: a 12-kDa subunit that exhibits FLA, activity and a 7.5-kDa 
subimit that shares sequence homology with protease inhibitors. 

Experiments with bungarotoxin and 40% DMPC/60% 10,12-tricosadiynoic acid 
(TRCDA) liposomes displayed a maximum colorimetric response of approximately 50% after 
a one hour incubation time. The response curve was similar to that of the FLA^ assay. In 
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addition, after incubation with BUTX. the liposorr.es in the assay solution not only changed 
color but also precipitated. In a previous study, BUTX was shown to induce fusion of small 
unilamellar liposomes (Rufmi e. al., Biochemtstry 29, 9644 11990]). The mechanism of the 
fusion remains unclear, but it seems to be dependent upon the interaction between BUTX, 
Ca-' and lysophospholipids. 

This bungarotoxin assay provides an example of a large molecular assembly 
possessing enzymatic properties that is capable of producing a colorimetric change m the 
biopolymeric materials. In some embodiments, it may be desired to add additional 
bungarotoxin-detecting features to the biopolymeric materials to enhance the colonmetnc 
detection For example, antibodies raised against bungarotoxin (i.e., ligands) can be 
.ncorporated onto the biopolymerrc materials in addition to DMPC. Thus, when bungarot^xm 
.s present in a sample, the ligand/analyte interaction and the enzyme/substrate reaction wtll 
combine to provide an enhanced colorimetric response. 



IV Other enzyme systems 

The present invention will find use in detecting, tneasuring, and ctaracterizing the 
enzyme activities of many other systems including, but no, limited to. lipolytic enzymes, 
acyltransferases, protein kinases, glycosidases. isometases. ligases, polymerases, and 
proteinases, among others. Such enzymes can be free in solution, or be part of arger 
molecular aggregates, cells, and pathogens. For a general descrtption of "-.aly^c ev^^ 
.he reader is directed to Dord,ck (Dordict. B,oca,aly.u for ,nd^,ry. Plenum Press 11991]). 

For example, glycosidases can be detected u> measure their activity or as indtcators of 
U,e presence of a pathogen. Sialidases such as neuraminidase are found on influenza v,n.s. 
and other sialidases are associated with Salmonella. By providing biopolymeric mat^tals 
with substrate for the glycosidases. the presence of the pathogens can be detected. In 
combinadon with other detection elements (..g., sialic acid ligands for detection of tnfluenza 
virus), extremely sensitive colorimetric sensors can be produced. 

Substrates can also be provided to produce detection systems for protemases. For 
example, CanMa albican, can be detected though its protease activity on pepstatm 
substrates. Also, anthrax spores from Bacillus an.Hracls can be detected by identtfymg 
laccase activity though its reaction with a sub^rate. Laccas« are n,ulti-copper«ng 
enzyn,es titat catalyze oxidative conv^sion of a variety of substrates, including phettoU, po^- 
phenols, and aromatic amines. Specific substrates include vanillic acid, syringrc ac.d, arui 2- 
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2'-azino-bis(3-ethyl.benzthioazoline-6-sulfonic acid). By introducing one or more of these 
known laccase substrates into the biopolymeric materials of the present invention, a detection 
assay for antrax spores may be generated. 

Other applications include incorporation of nucleic acids onto the biopolymeric 
material to test the activity of nucleotide polymerases {e.g., DNA polymerase). These assay 
systems will find use in techniques for idemifying and characterizing polymerase inhibitors. 
From these examples, it is clear that the biopolymeric materials of the present invention find 
use in the colorimetric detection of a broad array of membrane conformational changes and 
reactions. 



V. Inhibitor Screening 

As described above, the presently claimed invention provides methods for detecting 
the activity of enzymes and other molecules that alter the conformation of biopolymeric 
membranes. These methods can be expanded to provide an accurate, and fast screening 
technique for identifying and characterizing inhibitors of the activity responsible for the 
colorimetric change {e.g., identifying and characterizing protease inhibitors by subjecting 
candidate inhibitors to biopolymeric materials comprising the protein substrates for the 
enzymes). 

For example, with the detection of PLA, enzyme activity described above, the color 
20 change of the DMPC/PDA vesicles can be suppressed by using inhibitors to PLA^. In the 
presence of the inhibitor l-hexadecyl-3-trifluoroethylglycero-2-phosphomethanol (MJ33) 
(Geib et ai. supra; and Jain et al.. Biochemistry 30, 10256 [1991]), the vesicles remained in 
their blue phase upon addition of PLA. These color differentials were clearly visualized for 
PLAj/vesicle suspension in the presence (blue) and absence (red) of MJ33 in a 96-well 
25 microtiter plate. The absorbance of the wells was measured using a standard microplate 

reader, and quantitatively confirmed the suppression of the colorimetric response as shown in 
Figure 17. This figure shows the colorimetric response curves for DMPC/PCA vesicles in the 
absence of inhibitor (solid line, max error 1.9%) and in the presence of MJ33 (dashed line, 
squares, max error 6.9%). Also shown is the inhibhion of PLA^ by replacement of Ca^^ with 
30 Zn^* (dashed line, diamonds, max error 6.5%). 

The inhibition of the blue to red color change by MJ33 indicates that non-specific 
adhesion does not play a role in the biochromic response, and PLA^ activity is directly 
responsible for the color change. Inactivation of PLA, is also observed upon removal of 
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Ca=* the camlytic co-tators for PLA, (Gelb « al.. supra), from me buffer solution. 
SimWy, PLA, prepared in buffer containing Z„> in..^ of Ca'- ions docs not induce a 
blue to r^ color change of .he vesicles as shown in Figure 17 (dashed line. d,an,o„ds). -me 
vesicles also do no. change color in U,e presence of other enzymes such as lyso^e and 
glucose oxidase, both of which produce a colorimetric response below 5% after more d.an an 
hour of incubation wtth the 40% DMPOTDA vesicles. The speciHcity of the colorimetnc 
response provdes the necessary selectivity for high throughput screening of enzyme 

inhibitors. ^ , _ 

For screening inhibitors, biopolymeric material comprising a substrate for the em=yme 

being tested, are placed into a muUi-chambered device (..g., a 96.well plate). Each weU ts 

incubated with a sample suspected of containing an enzyme inhibitor. The enzyme is then 

added and the observation of a color change U detected. Successful inhibitors wdl parttally 

or completelv prevent the enzyme from producing a color change in the biopolymenc 

material Appropriate control samples (..g-. a sample with no inhibitor and a sample w,th 

known inhibitor) are run with the assay to provide confidence in .he results. 

VI Designed catalysts 

The biopolymeric maierials of .he presently claimed inventron further provide meitods 
for screening the efficacy and aciviiy of "designed" proteins, peptides, and ca.aly«c 
antibodies. There ,s much curtem activity in engineering en^mes to be suble under sp^ctfic 
conditions of solvent and heat, among other conditions. By providing a substrate for such 
enzymes in the biopolymeric maurials of .he presen. .nvemion, a simple, accural seen of 
these engtneered proteins can be conducted under a variety of test cond.tions. Ukewse ^ 
inventive methods can b. used .o screen and characerize the reactions of catalyttc an.,bod.es. 



VII IMMOBILIZATION OF BIOPOLYMERIC MATEWALS 

The biopolymeric material of the presem invention can be immobilized on a var.ety of 
solid supports, including, but not limited to polystyrene, polyethylene, .efion, silica gel bea.^ 
hydrophobized siUca. mica, filter paper (e.g., nylon, cellulose, and ni^eellulose). glass heads 
and slides, gold and all separaiion media such as silica gel, sephadex, and ott,er 
chromatographic media. In some embodiments, the biopolymeric materials are .mmobthzed 
in silica glass using *ie sol-gel process. 
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Immobilization of the colorimetric biopolymeric materials of the present invention 
may be desired to improve their stability, robustness, shelf-life, colorimetric response, color, 
ease of use, assembly into devices (e.g., arrays), and other desired properties. In some 
embodiments, placement of colorimetric materials onto a variety of substrates surfaces can be 
undertaken to create a test method similar to the well-known and easy to use litmus paper 
test. For example, the reflective properties of nylon filter paper greatly enhance the 
colorimetric properties of the immobilized polydiacetylene liposomes. Filter paper also 
increases the stability of the liposomes due to the mesh size. In another example, the 
liposome embodiment of the present invention has been loaded into the ink cartridge of a ink 
jet printer and used to print biopolymeric liposome material onto paper as though it were ink. 
The liposome material present on the paper maintained its colorimetric properties. This 
embodiment demonstrates the ease with which patterned arrays can be generated into any 
desired shape and size. By using multiple cartridges {e.g., using a color printer), patterned 
arrays can be generated with different biopolymeric materials. 



A. Entrapment of Biopoiymeric Material by the Sol-Gel Method 

While the sol-gel process has been used for entrapping organic molecules such as dyes 
and biomolecules in silica gels (See e.g., Avnir, Accounts Chem. Res. 28: 328 [1995]; 
Yamanaka el ai. Am. Chem. Soc. 117: 9095 [1995]; Miller et ai, Non-Cryst. Solids 202: 
20 279 [1996]; and Dave et ai. Anal. Chem. 66: 1 120A [1994]), prior to the development of the 
present invention, immobilization of self-organized molecular aggregates (e.g, biopolymeric 
material, self-assembling monomer aggregates, and liposomes) was not realized in sol-gel 
materials. 

Embodiments of the presently claimed invention provide for the successful 
immobilization of spherical, bilayer lipid aggregates, and liposomes using an aqueous sol-gel 
procedure. These molecular structures, and particularly liposomes, composed of biological or 
biomimetic (i.e., mimics nature) lipids, are fairiy robust under aqueous conditions and 
ambient temperatures, but can easily degrade in the presence of organic solvents and high 
temperatures. The sol-gel process provides a facile method of immobilizing molecular 
aggregates with no detectable structure modification, creating robust stnictures that are easily 
fabricated into any desired size or shape. 

The silica sol-gel material was prepared by sonicating tetramethylortiiosilicate, water, 
and hydrochloric acid under chilled conditions until a single phased solution was obtained. 
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The use of me,^ oxides, o,her *a„ t«rame*ylor,hos,lica.e. are eomempiated by present 
invention, so long as Utey facilitate the entrapment and form substantially transparcm g^s 
„«terial. Such metal oxides include, but are not limited to, silicates, .itanates a— ^ 
ormosils. and others. Buffer was then added to the acidic solution under ---- 

The biopolymeric materials, generated as described above. «ere mixed mto me buff«ed so. 

soludon This composite was poured m.o a desired molding structure and allowed to gel a. 

ambient temperatures. 1. is not .ntended that the present invenUon be limited by the ,yp= of 

molding structure used, as it is contemplated .ha. a variety of s— can be apphed to 

generate gels of any desired size and shape including, but no, limited to, cuvenes, fl^ 
urfitces or generating thin Alms, plastic, ceramic, or meta, moldings to generate badges, etc. 

T^Z mteld that the present invention be limited to gelation at ambient temperatures, a. 

any temperamre range that facilitates the production of functional analyte-detecttng gels .s 

e„„templa«d^ embodiment. DCDA liposomes we« incorporated into sol-gel glass, although 
incorporation of any biopolymeric structure is contemplated by the P'-"' . 
Following *e sol-gel procedure as described above, gelation occurred wnhtn a few m u.es. 
producin gels with a vioiet color. The visible absorption spectra of the polydu.cet lene 
Cmes. as shown m Figure IS. was unaltered in the sol-gel — 
i„ solution. Following heating of the liposomes Co 55 "C. a blue to red thermochromrc 
,^i„on occurred that was characteristic of polydiacetylene materials. The H"-^;^ 
^.enals were similarly unchanged in the sol-gel state compared ^''^'^ -J^^'^ 
„ in Figure 19. Thus, the presently Calmed invention provtdes a -'"^"^^ 
Ipatibie with fragile biopolymeric structures (/.e., Uposomes, and matntatus those phystcal 
r.rnnprties that wcrc observcd in bulk solution. 

ILtonally, i. is contemplated that sol gel prepared materials of various thicVr^ses 
will possess unique sensitivities to analytes. Thiclter films have a higher surfece to vol^e 
„ho and dterefore may require a higher concentration of analyte to trigger the chxomaf c 

"""""Ltermore, the gelling conditions of the sol-gel preparation can be optimized by 
varying gelling temperatures, gel materials, and drying conditions to generate matertd wtth 
d^ed ^re L. Varying the Crosslin, density of the material .so provides control ov r 
" Pore sizes from nanometers to hundreds of nanometers or greater are contemplated 
by the present invention. Some gels allow size-selective screening of undesired mater^ 
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while maintaining anaiyte access to the ligand. Also, the sol-gel technique allows structures 
to be fonned that can be molded into any desirable shape, including, but not limited to, 
cartridges, coatings, monoliths, powders, and fibers. 

B. Immobilization by Chemical Linkage 

In some embodiments of the presem invention, the biopolymeric material can be 
attached to membranes of poly(ether urethanes) or polyacrylonitrile. These membranes are 
porous, hydrophilic and can be used for affinity separations or immunodiagnosis. The 
liposomes of the present invention can be coupled to these membranes by first attaching an 
activating group such as imidizolyl-carbonyl, succinimido, FMP or isocyanate to the 
membrane which adds rapidly to nucleophiles (e.g., -NH, -SH, or -OH groups) present in the 
liposomes. Thus, any liposome preparation which contains these functionalities can be 
directly attached to the membrane. This procedure ,s analogous to the coupling of proteins to 
membranes, the latter of which is well known in the art (See e.g., Bamford et al., 
15 Chromatography 606: 19 [1992]). 

A variety of other immobilization techniques known in the art can be applied to the 
biopolymeric material of the presem invention. For example, materials which have an -SH 
functionality can also be immobilized directly to gold surfaces, particles, or electrodes via the 
thiol-gold bond. In this case, a solution of the liposomes containing the -SH group are 
incubated with the clean gold surface in water for 12-24 hours with stirring at room 
temperamre. Also, materials can be immobilized to silicon chips or silica gel (eg silicon 
dioxide) using the procedure described in Example 8. Furthermore, materials containing - 
NH3 functionalities can also be immobilized onto surfaces with standard glutaraldehyde 
coupling reactions that are often used with the immobilization of proteins. Additionally, 
liposomes can be attached through their carboxy groups to surfaces comprising 
polyethyleneimine, a branched polymer with free amine groups. 

VIII. ARRAYS 

Certain embodiments of the presently claimed invention contemplate the generation of 
a large palette of polymerizable lipids with different headgroup chemistries, ligands, dopants 
monomers or other properties within a single device to increase selectivity, sensitivity 
quantitation, ease of use, and portability, among other desired characteristics and qualities 
By usmg ±c array format, several advantages can be realized that overcome the shortcomings 
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a single sensor approach. These rnclude the abiliry .o use partially seiectrve ser^rs and .o 
e„. sa^pus. ™s o.ers .he poss... o, ser... . sp...c -P^=; 
1 presence of an inrerfering background, or .o monitor ,wo or nrore samples of .nr^es. 
Z The sensiriviUes of a given lipid .o a given sample can be de.erm.ned . 

oirgenerate .denUflablc Hugerprin. charaaensiic of each sample. For exanrple, 
^po, mcr f.lm of PO. derivaiive ^ may conver. completely to an o^e p^as m *e 
f <:,n,nle X (%CR=100). while PDA derivative B may have a /oCR of 70 giving 
presence of sample X ( /oLK 1 , o/ rR of 40 Yielding a purple color 

rise to a pink color, and PDA derivative C may have a /oCR of yie d, g p rp 

t .h=,nae at all (/ e therefore, remains blue/purple). The 

T :z:z^^ - 

::r. "X-he „1L of e,eme„,s in the array, the grater the chance of a pcstuve 
::^^;lf:rag.venana,yte. By immobili.ng Utc — ^ " 
any desired size and shape can be created and incorporated tnto a small, eastly read, and 

'"'"'Crcibe generated that measure both the presence and activity of samples. For 

_prin characterl^ng a certain en.me. one portion of the 

deleting capabilities for the en^me , by incorporatmg a l.an ^^^^^^ 

^r..^ While another provides and enzyme activity assay {e.g., by including 
7:^:^ the blpolymeric material). Such arrays can be expanded for use m 
ZZ screening techniques where each portion of the array provides quantitative or 
qualitative data, or provides a control experiment. 
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™rolg e^amples are provided in order to demo^trate and further il.strate 
certain p^ferred embodiments t.d aspects of the present invention and are not 
construed as limiting the scope thereof 

,n the experimental disclosure which follows, the following abbrev,at,„,« app^ N 
r V M (molar)- mM (milHmolar)-, (micromolar); mol (moles); mmol (mtllmtoles). 

■ rnno, lanomoles); pmol (plcomoles); g (grams); mg (miUig^ms); . 
micrograms), ng (nanograms); 1 or L (liters); ml (milliliters); pi ^^^^^^^ ^ 
Um«»s); mm (miHlmeters); pm (micrometers,; nm (nanometers) pC (~ , 
Unewton); A (angs^om); IcDa (ki.odalton); ppm (parts per mtlhon). N (newton). 
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(degrees Centigrade); wt% (percent by weight); aq. (aqueous); J (Joule); UV (ultraviolet); 
XPS (x-ray photoelectron spectroscopy); PDA (diacetylene monomer); PCA (pentacosadiynoic 
acid monomer); DCDA (docosadynoic acid); TRCDA (tricosadiynoic acid); SA-PDA (sialic 
acid-derived PDA); BUTX (bungarotoxin); OTS (octadecyltrichlorosilane); VOC (volatile 
organic chemical); CR (colorimetric response); pH (hydrogen ion concentration); EDC 
(ethylcarboiimide hydrochloride); AFM (atomic force microscope); Hz (Hertz); LB 
(Langmuir-Blodgett); NHS (N-hydroxy succinimide); CO, (carbon dioxide); MgSO, 
(magnesium sulfate); CdCU (cadmium chloride); MeOH (methanol); Be (beryllium ions); Mg 
(magnesium ions); Ca (calcium ions); Ba (barium ions); (nitrogen gas); Sigma (Sigml 
Chemical Co., St. Louis, MO); Perkin-Elmer (Perkin-Elmer Co., Norwalk, CT); Fisher 
(Fisher Scientific, Pittsburgh, PA); and Farchan Laboratories (Farchan Laboratories, Inc., 
Gainesville. FL); Park Scientific Instrument (Park Scientific Instruments, Sumiyvale. CA); 
Biorad (Bio-Rad Laboratories, Hercules. CA); Gelman (Gelman Sciences. Arm Arbor, MI); 
Pierce (Pierce. Rockford, 111); and Bellco Glass (Bellco Glass Inc., Vineland, NJ). 

All compounds were of reagent grade purity and used as supplied unless stated 
otherwise. Organic solvents were of spectral grade from Fisher Scientific. All aqueous 
solutions were prepared from water purified through a Bamstead Type D4700 NANOpure 
Analytical Deionization System with ORGANICfree cartridge registering an 18.0 M-Ohm-cm 
resistance. 

EXAMPLE 1 
Biopoiymeric Material Preparation 

I Production of Liposomes 

The self-assembling monomers to be incorporated into the liposomes were dissolved in 
solvent (e.g., chloroform for diacetylenes and methanol for ganglioside G^,). Many other 
volatile solvents find use in the present invention, including, but not limited to, benzene, 
hexane. and ethylacetate. The solvent solutions were mixed in appropriate volumes in a 
brown vial (i.e., to prevent light interference during the upcoming drying steps) to achieve the 
desired lipid mixture (e.g., 5% by mole of G,„ 95% diacetylenes) and a total lipid content of 
approximately 2 ^mol. The solvent was then evaporated by rotary evaporation or with a 
stream of nitrogen gas. The dried lipids were resuspended in sufficient de-ionized water to 
produce a 1-15 mM solution of lipid. The solution was then sonicated for 15-60 minutes 
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With a probe sonicator (Fisher sortie dismembrator model 300. 50% output, microtip) as 
described by New (New, supra). The solution was heated during the sonicat.on (m most 
cases the sonicating process alone provides sufficient heat) to a temperature above the phase 
transition of the lipids used (typically 30-90 "C). The resulting mixture was filtered through a 
0 8 micromole nylon filter (Gelman) or through a 5 mm Millipore MiUex-SV filter and 
cooled to 4°C for storage or was polymerized. In one embodiment, prior to polymenzation, 
oxygen in the solution was removed by bubbhng nitrogen through the sample for 5-10 
minutes. 

Polymerization of the stirred liposome solution was conducted m a 1 cm quartz 
cuvette with a small 254 mn UV-lamp (pen-ray, energy: 1600 microwatt/cm^) at a distance 
of 3 cm The chamber was purged with nitrogen during the polymerization to replace all 
oxygen and to cool the sample. Polymerization times varied between 5 and 30 mmutes 
depending on the desired properties (.,., color, polymerization degree) of the liposomes. In 
other embodiments, the solution was placed in a UV-chamber, without purging, and exposed 
to 0 3-'>0 of ultraviolet radiation, preferably 1 .6 J/cm^ for 5-30 mmutes. 

In some embodiments, polymerization was conducted in a multi-chambered plate (e.g., 
ELISA plate). Approximately 200 ^1 of sonicated liposome solution was placed m each well 
of the plate. The plate was placed under a UV lamp with the distance between the plate and 
the lamp kept at 3 cm. Irradiation times typically lasted for a minute. Prolonged irradtatK,n 
resulted in formation of pink/purple liposomes, indicating that a color change was imtxated by 
UV light. Such liposomes gave inconsistent results and should be avoided. 

11 Production of Films 

Polydiacetylene films were formed in a standard Langmuir-Blodgett trough (See e.g., 
Roberts, Langmuir BlodgeU Films, Plenum, New York [1990]). The trough was filled wtth 
water to create a surface for the film. Distilled water was purified with a millipore water 
purifier with the resistivity of 18.2 M-Ohm. Diacetylene monomers (e.g., 5,7-docosad.yno.c 
acid 10 12-pentacosadiynoic acid [Farchan Laboratories], 5,7-pentacosadiyno.c acid, 
combinations thereof, or other self assembling monomers), dissolved in a solvent spreadmg 
agent (. g., spectral grade chloroform [Fisher]), were layered onto the aqueous surface wtth a 
syringe to form a continuous film. Monomers prepared in the concentration range of 1.0 to 
2.5 mM, were kept at a temperature of 4°C in the dark, and were allowed to eqmhbrate at 
room temperature before being used in experiments. 
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Once layered on the water surface, the film was physically compressed using 
moveable barriers to form a tightly-packed monolayer of the self-assembling monomers. The 
monolayer was compressed to its tightest packed form (i.e., until a film surface pressure of 
20-40 mN/m was achieved). Following compression, the film was polymerized. Certain 
embodiments (e.g., embodiments with dopants) of the present invention may require surface 
pressure compression greater or less than 20-40 mN/m. 

Ultraviolet irradiation was used to polymerize the monomers, although other means of 
polymerization are available (e.g., gamma irradiation, x-ray irradiation, and electron beam 
exposure). Pressure was maintained on the film with the moveable barriers throughout the 
irradiation process at surface pressure of 20-40 mN/m. An ultraviolet lamp was placed 20 cm 
or farther from the film and trough. It was found that if the lamp is placed closer to the film, 
damage to the diacetylene film may occur due to the effects of heating the film. The film 
was exposed to ultraviolet light with a wavelength of approximately 254 nm for 
approximately one minute. The polymerization was confirmed by observing the blue color 
15 acquired upon polymerized diacetylene formation and detecting the linear striations typical of 
polymerized diacetylene films with a polarizing optical microscope. 

Ill Production of Tubules 

Self-assembling monomers to be incorporated into the tubules were dissolved in 
20 solvent, mixed together, evaporated, and resuspended in water as described above for 

liposomes. 1-10% by volume of ethanol was added to the solution, although other organic 
solvents are contemplated by the present invention. The solution was then sonicated (with 
heating if necessary), filtered, cooled, and polymerized as described above for liposomes. 

25 EXAMPLE 2 

Examination of Biopoiymeric Materials 

I Optical Microscopy and X-ray Spectroscopy 

Diacetylene films were prepared in a Langmuir Blodgett trough as described above 
30 using a combination of PDA monomers and sialic acid-derived PDA monomers. The floating 
polymerized assembly was lifted by the horizontal touch method onto a glass slide previously 
coated with a self-assembled monolayer of octadecyltrichlorosilane (OTS) as described (Maoz 
and Sagiv, J. Colloid Interface Sci. 100: 465 [1984]). 
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The slide was then examined by opucal microscopy wilh the use of crossed polarizers 
as described (Day and Lando, Macromoiecules ,3: ,478 [1980,). The film exhibited a high 
degree of order over a macroscopic range (,..-, 50 to ,50 ^.M) as shown in d» opfcal 
micrograph of Figure 20. Large domains up to ,50 ^M were visibie (, cm - ,0 ^M>. 

The films were further characterized by angle-resolved x-ray photoelectron 
spectroscopy (XPS) and ellipsomctry. The XPS results indicated that the amide nitrogen 
"e c Jony, carbon atoms of the head groups we. ,oca.ized at the surface re,at.,e 
to the medtylene carbons of the lipid chains, demonstrating that the sialoside head group was 
presented at the surface of the fllm. EUipsometric analysis of the polydiacetylene monolayer 
coated on HF-treated silicon indicated a f Im thickness of approximately 40 A. in agreement 
with the expected value based on molecular modeling. 

II Atomic Force Microscopy 

;„ siw atomic force microscopy was used to reveal the morphology, surface 
topography, and growth and dissolution characteristics of micros«,pic biopolymeric cryst^ 
an^ allowL dynam.c observations of nucleation events and the determination. Stu tes 
conducted using standard techniques for . ... studies as described by B'-g " <. (B-i 
„ al Phys Rev. Lett. 12: 930 [1986); and Bimtig e, al. Europhys. Len. 3: 1281 [1987]) 

■' tIo different atomic force microscopes were used in this study. Images larger than , 
,m= were acquired with a commercially available instrument (Park Scientifc Instrument). In 
.his case Si ultralevers (Park Scientific Instrument, were used. Commercially available 
photoUdtographically panemed glass slides (Bellco Glass, were used to allow .magtng ^ *e 
exact same region of the film after each temperature step. Images smaller than 1 ,tm were 

^levers with a nominal force constant of 0.1 N/m were used (Park Scientific Instruments,. 
Both microscopes were operated .n cont^t mode, and in the latter case 
position-sensitive photodiode allowed the me^uremen, of the cantilever bendtng and twtsung 
simultaneously. All images were acquired in contact mode under ambient condtttons. 
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The present invention provides a variety of different biopolymeric material forms {e.g., 
liposomes, films, tubules, etc.), with and without dopant materials, with a variety of ligands, ' 
and immobilized in a variety of forms. For each of these embodimems. it is possible to 
optimize the biopolymeric material to maximize sensitivity, robustness, colorimetric response, 
and other desired factors. Described below are a few illustrative examples of such 
optimization. These examples are intended to merely illustrate the flexibility of the present 
invention. It is not intended that the presem invention be limited to these particular 
embodiments. 
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I Mixed Monomers 

The biopolymeric material of the presently claimed invention can comprise a sample 
of pure monomers {e.g., pure diacetylene) or can comprise mixed monomers {e.g., PDA with 
Ganglioside Gm, or dopant). Optimization of the percent composition of mixed monomers 
can be undertaken to provide biopolymeric material with desired properties. An example of 
such optimization is provided below for the detection of an analyte {i.e., cholera toxin) with a 
ganglioside ligand. 

To evaluate the colorimetric response of G^./PDA films, differem concentration 
combinations of ligand {i.e., Gm.) and PDA were tested. If too much ligand molecule was 
added {i.e., low concentration of polymerized lipid), the films were unstable and had high 
background. If the films had too much polymerized lipid molecule, they were too stable and 
the color change would not occur well. In search of the G^./PDA biosensor composition 
capable of displaying maximal response, a series of PDA monolayer films were transferred to 
OTS coated glass slides. The films were evaluated by exposure to cholera toxin and the 
colorimetric response was measured using UV-Vis spectroscopy. Figure 21 summarizes the 
colorimetric properties and response of the G^, biosensing monolayer films studied in these 
experimems showing the initial absorbance, transfer rate, and colorimetric response in buffer 
and in response to analyte. The initial absorbance (A.„J, which reflects the maximal peak 
value of the films at 640 nm, is a function of the film transfer rate and composition. G^,, 
which does not provide chromatic functionality into the mixed assembly, generally decreases 
the intensity of the initial blue color. The transfer rate, which is the ratio of the area 
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decreased on >he tough .urtaoe and .he area of ,he substrate emerged into the -"P"--- 
indicates that the PDA f.l,ns are highly transferable as compared to those of staltc acd-PDA 
(SA-PDA) and G„, molecules. The blue to red colorimetric response (CR) shows that 
monolayer Alms exhibit low CR in buffer solution except when high content of G„, or SA- 



PDA is used. 



n Optimization of Subionic Phase 

The ionic content of the aqueous subphase has signiflcan. impact on the properties of 
Langmuir monolayers. The pr«ence of cationic species strengthens the electro^tK 
interaction of monolayer wiU, anionic headgroups and consequently stabilized the film 
(Gaines InsoiuiU Monofayc.- a. Ll^uid-Gas l.,crface. ,n,er.cience Publishers, New York, 
„p 29,-299 [19661). Figure 22 shows the isotherms of 5% 0„,/5% SA-PDA/90% PDA ^ a 
Icon of subphase concentratton of CdCU. As the concentration of Cd=- is increased, the 
expanded phase shifts systematically toward the low molecular area, indicating that the 
monolayer is subili^d a. high Cd- concentration. This behavior results largely from the 
ionic interactions between Cd> and parttally dissociated anionic carboxylate 
PDA (pKa . 5), while acidic SA-PDA and 0„, (pKa . 2.6 for siahc ac.d on these molecules) 
probably also contribute to strengthen the effect. Further evidence for this mech^ism of 

Ola er stabiliza.on is seen in the increase in sur,^ pressure as a f«,ct.o„ of htgher .mc 
concenLions. Many divalent ions (Be. Mg, Ca, Ba, and Cd) have been shown to have an 
impact on the isotherms of PDA monomers through salt formation, which mfluences *e 
J,ing of molecules on a basis of ion s,.e and charge. No immiscible trend was observe^ 
tor the ternary system of 5«/. G„,/5% SA-PDA/90% PDA on aqueous subphases contammg 
up to 0.01 M Cd'-. indicating the this mixed monolayer is relatively stable as resp^ » 
content When Cd- was increased to 0.1 M. however, erratic behavior of the 5/. 0„/5/o 
SA-PDA/90% PDA monolayer was observed. This is possibly due to formauon of 
aggregated domains as a result of differ^t ability to interact with Cd- between sialic ac.d m 
SA-PDA and G„, and carboxylic in PDA. or precipitation at high salt -centr^ton^ 

At low Cd- concentrations (i.c., approximately lO^M), the isotherms dtffer very l«tle 
in the condense, phase region, indicating that low ionic content in ^^^J^'^J'^ 
effect on the structure of the compact films. Increasing the concentratton of Cd above 
•M resulted in a shift of molecular area in the condensed phase region as shown ,n Ftgure 
22' pointing .0 some structure change in the compact monolayer. In order .0 explore the role 
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of additives in the mixture for inducing such a structural change, an isotherm of pure PDA on 
10-^M Cd- was measured. On the lO^M Cd^^ subphase. a steep rise at low molecular area is 
seen in the isotherm of PDA. However, the slope of the isotherm within the compact region 
and the molecular area were essemially the same as on water. Such a result is consistent with 
an ordered film at high salt concentration, where the film characteristics are primarily dictated 
by the long hydrophobic segment of the molecules. Similar results were obtained for amine- 
based diacetylene (Walsh and Lando, Langmuir. 10: 252 [1994]). Therefore, the shift in 
Figure 22 reflects a mi.xed electrostatic effect induced by differemly dissociated individual 
components in the films, suggesting a lower stability of the ternary films as compared to the 
pure PDA films. 
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III Optimization of Subphase pH 

For acidic molecule PDA, an increase in pH resulted in the ionization of PDA 
molecules and consequemly introduced substantial charge along the monolayer interface. 
Figure 23 shows the isotherms of 5% Gm,/5% SA-PDA/90yo PDA at pH 4.5, 5.8, and 9.2. 
At high pH (pH 9.2), the film became very expanded as a result of electrostatic repulsion 
between the adjacent PDA molecules. Compression of such a film to form a monolayer was 
difficult. Additionally, distinct segments of individual molecules were observed, pointing to 
an immiscible trend in the mixed monolayer that tends to form segregated domains. 
Evidently, high charge density at the monolayer interface created unfavorable interactions on 
the aqueous surface. It can be expected that the addition of compounds such as G^,, (i.e., 
which is acidic) into the PDA mixture at this pH will be unfavorable. The isotherm of the 
ternary system at low pH exhibits normal peak behavior. The collapse pressure is 
significantly larger dian at neutral pH, indicating a more stable film formed at low pH. 
Suppression of ionization of the PDA molecules at this pH contributes to the enhancement of 
film stability, which can consequently stabilize the incorporation of Gm, molecules in the 
PDA films. 



30 



IV Optimization of Subphase Temperature 

During film production, an increase in temperature usually results in higher surface 
pressure, an enlargemem of the expanded region, and a shift in the phase transition point 
towards the low molecular area direction in 7t/A isotherms (Birdi, Lipid and Biopolymer 
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U,uiU Menace. Plenum Prcs^ New York [.989]). Tto effec, from 
*= higher fleribiiuy of hydrocarbon .ails of lipids a, high temperan^ as a result of ften,^ 
agiution and can be analyzed with the two-dimensional Clausius-Clapeyron equatton (B-rdt. 
su^a) Monolayer flms containing PDA. however, typically experience fllm collapse dunng 
compression. ConsecuenUy, the evaluation of the subphase temperature effect has to take thts 
phenomenon into consideration. Figure 24 displays the tempemture effect on the tsotherms of 
,00% PDA 5%SA-PDA/95% PDA. and 5% Q„,/5% SA-PDA/90% PDA. With decrease m 
subphase temperature, the surface pressure increased and the isotherm shape changed. 
Isotherms a. low temperature exhibited more and more liquid-solid phase transitton features, 
as indicated by the disappearance of the peak and occutrence of the smooth curve a. the 
transition region. All the .-A isotherms obtained for the three monolayers display strntlar 
characteristics. The major difference between these figures is the position of collapse pomt, 
which is a function of film composition. 

V Position of the Monomer Polymerizable Group 

A comparison of the colorimetr,c responses of ,0,12-pentacosadiynoic acid liposomes 
and 5 7-docosadiynoic acid (a gift from Alice Decker, of Holy Cross College) Uposomes u, 
a„aly;c was conduced .o determine .he effect of the position of the polymerizable gtoup 
^ the self-assembling monomers. G„, ligands were incorporated into each type of 
liposome to analyze the detectton of cholera toxin. The ganglioside 0„, ,^s ^'^ ™' 

% ™,h d,e diacetylene "matrix lipid- monomers. Lipo^mes were pr^ared us,ng the probe 
sonication method and polymerized by UV irradiation (254 mn). 

The conjugated ene-yne backbone of polydiacetylene liposomes resulted m the 
,pp^e of a deep bluc/purple solution. The visible absorption spectrum of the freshly 

purple liposomes is shown in Figure 25. When cholera mxin was added to *e 
Uposomes composed of 5% G„, and 95% 5.7.docosadiynoic acid, the solution immedtately 
changes to an orange color, and the "red phase" absorption of polydiacetylene domtnate^ as 
shown in Figure 26. When the ganglioside 0„, was mixed with a matrix liptd composed 
,0 ,2-;«ntacosadiynoic acid instead of 5,7.docosadiynoic acid, the colorimetric response was 
si^ificantly reduced. AlUtough it is no. necessary to understand the mechanism m o^er to 
us. the present invention, and it is not int^ded that the present invention be so hnuted, 
comemplated that the enhanced sensitivity ob^rved with the 5,7-docosadiyno,c ac,d 
liposomes arises from the positioning of the optical reponer group nearer to d,e .ntcrface (..e. 
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three methylene units compared to eight). It has been shown by Fourier transform IR 
spectroscopy that small rotations about the C-C bond p to the polymer backbone are sufficient 
to change the effective conjugated length (Berman et ai. Science 259: 515 [1995]). These 
conformational changes are more easily transduced through shorter alkyl chain length. 

EXAMPLE 4 

Incorporation, Optimization, and Properties of Dopants 

Each time a new sensor system is designed, the amount of PDA, dopant, and ligand 
{e.g., ganglioside) are varied to create the optimal sensor. Although 0-100% amounts are 
typically used for testing, optimal systems appear to use 5-15% ligands, 0-95% PDA, and 0- 
95% dopant. The percem of each component depends on the system, the needed stability, 
and the needed sensitivity. Certain embodiments of the present invemion may incorporate 
more than one type of dopant into the biopolymeric material. 

I Incorporation of Dopant into Biopolymeric Material 

Amino-acid derivatized diacetyiene dopants were incorporated into colorimetric 
liposomes. The lipids {i.e., the dopants and the diacetyiene monomers) were first dissolved in 
chloroform, and an aliquot was transferred to the reaction vial. The organic solvent was 
blown out by use of N, gas, and an appropriate amount of water was added to bring the lipid 
concentration to approximately 1 mM. Bath sonication was used to break down the white 
precipitate to fomi liposomes. Typical sonication times varied from 1 hour to 5 hours, 
dependent on the type of dopants used. During sonication, the temperature was carefully 
raised to approximately m^C to facilitate the formation of the liposomes. The sonication 
continued until the solutions became clear. The hot solutions were immediately filtered 
though a 5 Millipore Millex-SV filter to remove any impurity that may be present in the 
solution. The obtained solutions were stored at 4''C overnight before use. 

Following polymerization, deep blue colored liposomes were obtained. The final 
liposomes contained the amino-acid derivatized diacetyiene dopant. 

II Optimization of Dopant Concentration 

Films comprising PDA, Gm, {i.e., the ligand) and sialic acid-derived PDA {i.e., the 
dopant) were generated as described in Example 3, Section I for the detection of chollra 
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toxin Colonmetric a.say. demonstrated that all three components were required for optimal 
colorimetrie response. For 4e optimal detection of eholera toxin, both SA-PDA and 0„, 
need be presem in films, otherwise the films are either too unstable or they do no, change 
color well, depending on the concentrafon of all three components. Although rs no. 
necessary to understand the mechanism in order to use the present invention, and « ts no, 
intended that present invention be so limi^d, it is contemplated that the funcfon of SA- 
PDA is to provide the metastable state of the films for biomolecular recognition through a 
stress-nduced mechanism (Charych e, .L. Chem. and Biol. 3: 1.3 11996,,. A film consigns 
of W O /1% SA-PDA/98% PDA was also investigated. The CR turned out ,o be low and 

l!!imet,Ic sensor was determined to be 5% 0„,/5% SA-PDA/90% PDA. Thus, a 5% molar 
content of the dopant SA-PDA provides the best ^nsor for detection of cholera .oxrn. 

HI Properties of Dcrivatized Diaeetylene Dopante 

Hydrophobic amino acids liniced to diacetylenes can be used to lower the solubihty of 
the biopolymeric material as well as the stability of the films or liposomes. These d»va«^ 
PDA's can be useful in the assembly of complex systems to fine tune the stabthty and 
sensitivity, two factors that are directly coupled to one another. Usmg the hydrophobtc 
PDA'S with the hydrophilic PDA's, Ure stability of films and liposomes can ^ 
increased, under a variety of environmental conditions. Aimough a large gatn tn sUrbrhty 
seen, h is at a cost to sensitivity. A balance between sensitiviry and stability has to be 

""""'Tcidic and basic amino acids linked to diacetylenes can be used to increase the 
solubility of the ma«rial, Speciflcdly, the. changes allowed polydiacetylene lipids to mtx 
with water soluble biological molecules. Ordinarily. PDA is no, water soluble and orgamc 
solvents are necessary (U., which can be d^tructive » biological molecules). By plact,^ 
acidic or basic head groups onto the PDA molecule, the solubility of .he ^-auzed PDA s 
were greatly enhanced. They also produced much brighter colors and were more con^^en, m 
I alnb; of sensors. These results we. likely due to the increase in water solu««y 

homogeneity of mixing between all components. The acid/base PDA's were by far the most 

sensitive of the amino acid-derived diacetylenes. 

Attaching histidine to amine-eoupled PDA created materials that could easily t^m 

color, but tha. could also be re.genera«d. The panicular advance .o this approach .s *a. 
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ordinarily polymerized PDA's turn color, but cannot be used again. The near-neutral pKa of 
the head group of the histidine materials allows for this advantage. 

By placing fluorescent PDA head groups onto the PDA amine-coupled system, 
colorimetric biosensors can be made with the addition of fluorescent properties. This 
provides a multi-purpose and more sensitive sensor. 

EXAMPLE 5 
Attachment of Ligands 
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Ligands can be covalently linked to the head groups of self-assembling monomers 
(e.g., sialic acid linked to diacetyiene monomers), can be covalently linked to the surface of 
polymerized materials (e.g., proteins and antibodies with multiple amine and thiol linkages to 
the material surface), or can be non-covaiently incorporated into the biopoiymeric material 
(e.g, gangiioside incorporated into the membrane of films and liposomes). 

The self-assembling monomers can be synthesized to contain a large variety of 
chemical head-group functionalities using synthesis techniques common in the art. In some 
embodiments, the ligands are then joined to the self-assembling monomers through chemical 
reaction with these functionalities using synthesis methods well known in the art. The 
functionalities include, but are not limited to, esters, ethers, amino, amides, thiols, or 
combinations thereof Alternately, many ligands can be incorporated into the self-assembling 
matrix without covalent linkage to the surfactants (e.g., membrane proteins and molecules 
with hydrophobic regions such as gangliosides and lipoproteins). 

Specific applications of the presently claimed invention are described below to 
illustrate the broad range of ligands that can be associated with the invemive biopoiymeric 
material. These examples are intended to merely illustrate the broad applicability of the 
present invention and are not intended to limit the present invention to these particular 
embodiments. 
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I Sialic Acid 

Sialic acid was attached as a ligand to diacetyiene monomers. Several synthesis 
methods well known in the art can be used, many of which have general applicability to the 
attachment of carbohydrates to the invemive biopoiymeric materials. In one embodiment, 
PDA (1.0 g, 2.7 mmol in chloroform) was reacted with N-hydroxy succinimide (NHS) (.345 
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g, 3.0 mmol) and 1-0 <i'« ^,^^^„ of 

chlorofoim. The residue was exliac evaporated by 

aried v.,h n,a,ne.u™ sulfa. (M.SO,) and m«.e _ m .^v ^ 

«;ve 1 21 e of N-succimmidyl-PDA CNns ru^, 
rotary evaporauon to g.ve l.zi g chloroform), 

rii: - - - - s.,. . ^^^^^^^^^^ 

Te.rae*y,ene ^'V-' < »^ , .,„ «. of chloroform, dropwise. 

,„ a soiuuon - ■'^^^l „as stirred for an additional 30 

stirrin. over a peno^ ~ „^^„,,,„. ^.due was dissolve. 1. 

mmotes before removal of the solv y ^.^ ^^^^^ ^ 

EtoAc and extracted twice with water. "^-^'^ 
...tremoved^ro^e^^^^^^^ 
chromatography (20.1 t-H^ii-i 

Ui„xyundecanyl)-PDA. ,.Hed to a cooled solution of ethyl-5-N-acetyl-2,6- 

Two ml of acetic anhydnde was added to cool 

, r o nrooenyl)-D-erythro-L-mannooononate (0.47 g, 1 
^ydro-3,5-dide„Ky-2-C-<2-propeny ^^^^^^ ,„ ^ 

, , „, of pyridine ^^^^ _ _ved under reduced p,^ at 

temperature ovenn.ht. ^ ^^^^^^^^ „^^ed 

ambient temperature to yteld ehromatographed over siUea w,th 

evaporation from toluene. The c™^ ,^„.5.K.acetyl-4.7,8,9.tetra-0.acetyl-3,5- 
ethylaceutte as eluent, producng 0.58 g of ethy 
3 didecxy-2-C-(2-propenyl,-P-ery*-~-— 3^,^^^^^^^ 

. -ion of ,oe.„„e was cooled to . 

'-^--■--■^^r""::: el haCaCMryingtube. 0.ne was aspirated into the 
while protected from moisture wim " ^ n^inutes The reaction was purged 

sol„tio„,..l.hecharacterisacb,ue..^^^^^ 

with O. ,0 dissipate the -^'^^ Z 

,,„ps, was ».ded until a = ; _ ^ . consume the excess 

x^eti::"- - - - - ^ 
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combined fitaes were evaporated ,„ ,acuua and dissolved ,„ eAylaeeUTe Tl,s , ,■ 
e«,ac,ed„i.h saturated a,„eo.Na„CO,so,„,iond^,„, ' " k 
were acidrned _d He, and e.ae.ed S .::Z.^rL:rT 
co,nB,„ed .e.H„e„e eKIoHde e„rac. were dried wid, M.SO„ ffl^red and 

zz r "'^'""""'•"^■'■'■'-----■^^'..d.deo...^^^^^^^^ 

erythro-L-manno-nonate. ^ 

E%M-N-a=e,y,-47.8.,.,e,ra.O-ace,y,-3,5-dide„xy-2-C-(acc.icacid)-D.e,^^ 
ma„no.„„„a,e ,0. ,94 g. 0.35 n,„o„ was added ,o a cooled solution (5 -C) NHsl^ 

reacon was wanned ^o ambien, ,en,pera,urc ™,h sUmng for 5 hours Th, ■ ' 
diluted wi.b 15 ™, of ehlo^forn, and wasbed wid, , M HC 1 7" """"" 
sodtun, blcarbonare, ,w,ee. and sacuraled ,a,., sodi™ Indfo: 7 ^ 

over M.SO,. „l,ered. and evaporated to fom, etbvl.-N ac^ ^ 7ZTT 

3.5.d,deo.,...C-(N.succ.„i™ld.,aceta,e,-0-ernbro.L_o„oL'^'^'^^^^^"^"^^^ 

Ethyl-5-N-acetyl-4,7,8,9-tetra-0.acetyl-3 5-dideoxv 7 r • • 

ervthr^ , ''"'^"''y --C-(N-succinimidylacetate)-D- 

erythro-L-manno-nononate (0.143 g, 0.22 mmol) and N-(l l-amino 1 Q . • . 
PDA m n-5 „ n -74 n ; na IN (1 1 amino-3,6,9-tnoxyundecanyl). 

(U.I ji3 g, 0.24 mmo ) were dissolved in 7 r„i «f ui ^ 

and stirred for 5. boars. Tbe solutio It 1 r rj;: 

.r.A- 1.1 ™ ™' of chloroform and washed with 

sodium chloride saturated IN HPI (^r, \ • wasnea with 

..t . '^'"'^'"'^ ^^''•^ «°dium bicarbonate twice- and 

saturated (aq.) sodium chloride once Th^ ^ ■ , ' 

cnioride. once. The organic layer was dried over MgSO filtered «nH 
evaporated to a crude semi-sohH tu^ , ■ , "Jtered, and 

CHCl -MeOH. H chromatographed over silica (20:1 

«-rtCl3.MeOH), producmg ethyl-5-N-acMvl 4 c o * . ^ 

(PDA) 3' 6' Q' . • ; "'^">"-^'^'8,9-tetra-0-acetyl-3,5-dideoxy-2-C-[(N-l 1 '- 

(PDA)-3 ,6 ,9 -tnoxyundecanyl) acedamido]-D-e,ythro.L-manno-nononate 

The sialic acid derived-PDA was formed by dissolving ethyl-5-N-acetyl 4 5 8 0 .. 
0-acetyl-3,5-dideoxy-2-C,(N-^.(PDA)-3^6^.Wy.^^^^^^^^^ 

manno nononate (0.20 g, 0.19 mmol) in a solution of 4 ml of water and 0 5 Jl ofTel j 
— g 0.1 g dissolved sodmm hydroxide. The solution was stirred fo;3lr I^o 

Z.^r ^''^-^ ~ ^" -0, producmg sialic acid 
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„,::r:r — ... o.., — ..... . - 

^..ip .0 p... K... ....... -J 

. n^nlecules (e K , PDA) using simple chemical synthesis memo 

linked to other molecules ve.i,., r^n(,e of carbohydrates into 

,oluen= iind evaporated to dryness se containing five 

, . „f f.W. nvridine. 40% acetic anhydnde is added to gtve a so 
a solufon o 60/. ■ ^^^^ „ 

himdred mole percent excess 01 acet solvents are removed by 

■ ^ H allowed to warm to ambient temperature overmght. The solvents 
,,„ed and ' ^^^^ evaporation several t^ie. 

^'^nC:l:X"iy. glycosides are .Hen dissolved in 

The peraceiyia ^^^^^ ^he 

,ive a 0.,-0.0. M soiution. Severa, drop ^ « N^Me 

r:.:r:::— „ can be cond.. i. desired^e ^^Z,. 

glycoslamide forms of a variety y ^^^^x 

■ r l^ptose tri-NAc-Chitotriose, Sulfo Lewis analog, 
r:"::;":: .Prece ge„er. appiicabiUty o. .s met., lo .be 
attactanem of a broad range of carbohydrates to dia^tylene lipids. 

HI. Gangiiosidc G„, „f , liaand without covalent 

Oanglioside 0„, presents an cample of incorpot^ion of^^i ^ « 

...acbment to the self-assembling monomers ^^^'^^^^^^ .^^^^^^^ O", 
hiopolymeric mateHa, by combining a . Hydrophobic 

(Sigma) with chloroform dissolved PDA, and dned. The gangliosi 
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region ta faciii«,es i,s incorporauon ,mo self-assembltag surfac«„, structures Thus „h=„ 
Che dned soludons were resuspended in deionized water, the resulUng stn^tures con«dLed a 
nuxture of ganglioside and PDA. Liposomes and other forms were produced tan, the 
resuspended mixture as described in Example ,. Although the ganglioside does not contain a 
polymerizable group, the ganglioside became embedded m the polymerized matrix created by 
the cross-linking of the diacetylenes. Similar methods can be used for d,e incotporation of 
other hgands .hat contain hydrophobic regions (e.g . ttansmembrane proteins and 
lipoproteins). 

'0 IV. Proteins 

The NHS-PDA, as generated above, thiol-linked PDA, and other methods known in 
the art provide functional groups for the attachment of proteins and antibodies. The NHS or 
th.ol-hnked monomers are mcorporated mto the desired aggregate and polymerized The 
NHS or thiol functional groups then provide a surface react.on site for covalent hnkage to 
protems and antibodies using chemical synthesis reactions standard in the art In another 
embodiment, a hydrazide functional group can be placed on PDA, allowing linkage to 
aldehydes and ketone groups of proteins and antibodies. These embodiments provide a means 
to mcorporate an extremely broad array of protems and antibodies onto the biopolymeric 
material. Specific examples are provided below. These examples are intended to merely 
Illustrate the broad applicability of the present invention and are not intended to limit the 
present mvention to these particular embodiments. 

A. Hexokinase 
NHS-PDA lipid was synthesized as described above. In brief, 1 00 g 10 12- 
. pentacosadiynoic acid (Farehan, Gainesville, PL) was dissolved in CHCl,, to which 0 345 g 
N-hydroxysuccimmide (NHS) and 0.596 g l-(3-dimethylami„opropyl)-3-ethylcarbodiimide 
hydrochloride were added. The solution was stirred a. room temperature for two hours, 
foUowed by removal of CHCl. using a rotavap. The residue was extracted with EtOAC and 
water. After separation, the organic layer was dried with MgSO, and filtered, followed by 
«,lve„, removal. The raw product was then rectystailized twice with CHCl,, and confirmed 
by FT-IR. 

The 1:1 (molar ratio, PDA/NHS-PDA chlotoform solution was spread on the aqueous 
subphase on a Langmuir-Blodget, nough (KSV mini-n^ugh, KSV Instruments, Inc., Finland) 
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using a .icosynnge (subphasa ,emp=n..u. was «med a, 5 «C). The orga^c solvent 
1 allowed .o evaporate by :e..ng .he solution for 20 „.n. The films were compressed «, 
compac. monolayer level and then uanrferred by verrieal deposition to gUtss shdes coMod 
with octadecyltrichlorosilane (OTS). The compression and dipping speed was matntatned a. 
n„„,min. Three layers were deposited onto the glass slide to provide enough colonmetnc 
"gna, for detection after polymerization and to ensure the hydrophilic surface was exposed to 

The preparation of stable PDA monolayer Alms before enzyme immobilization is 
cntical for low background and enhanced reproducibiliUy of the sensors. The Langmutr 
monolayer trough provides a method to measure film stability tl^ugh the evaltta ton 
surface collapse pressure of the monolayers. It was found tha, the mtxed films (,.... ftlms 
with PDA and NHS-PDA) appear to be much more stable than the monolayers conststtng 
:!compone„t and thus more suitable for enzyme tmrnobilizatton. For tns^ce. dte co la^ 
pressure for la NHS-PDA/PDA monolayer at 5"C was 57 mN/m, while NHS-PDA and PDA 
monolayers collapsed at 34 and 28 mN/m, respectively. Although it is not » 
understLd the mechanism in order to use U,e present inventton, and it is no. — ^ - 
present invenUon be so limhed, i. is contemplated d.t dte in.erac.ions are more favorable m 
Z mtxed monolayers, presumably due .o the optimal spatta, arrangements tha. allow head 

sroups of different size to pack closely. 

Besides mechanical subility, the monolayers should possess destrableopncal 

properdes ,.e.. high color intensity) to be suiuhle as sensors. Film ,uali.y, j^^"'- 
case color intenstty, was studied a. different deposttion pressures, .t was foun tl^a f.ms 
n^e at 40 mN/m gave the best transfer rate and color intensity. Therefore, the 1:1 NHS- 
PDA/PDA films obtained a. this transfer pressure were selected for modificauon wtth 

hexokinase. r-^uH 
Yeast hexokinase suspension (E.C. 2.7.1.1, from Boehringer Mannhetm GmbH. 
Germany, was spun in a mic^centrifuge to remove saturated ammomum sulfate. The protem 
was resolubiUz^i in 0.. M phosphate buffer (pH 8.0) to give ^"'''"^''J"^'"' 
concentration, and dialyzed against the same buffer using a S.ide-A-Lyzer dtalysts casse„ 
Tp^Ifor 3 hours. The PDA monolayer slides were cut into 0.7 cm x 2.5 cm rectangu^ 
pL, and incubated in the hexoktnase solution at 4-0 for 1 hr. Prolonged incubauon was 
found to result in decreased color intensity, presumably due to dte sheddtng of 
monolayers during the chemical cross-linking reaction. The monolayer chtps we„ then rtnsed 
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with deionized water and immersed into 0.1 M ethanolamine for 10 min to terminate the 
reaction. The chips were rinsed again with deionized water and air dried. Polymerization 
was conducted by irradiating the films with a hand held UV lamp. The irradiation time was 
6 min. each side. Extended irradiation results in irreversible color change to red. 

B. Antibodies 

Commercially obtained diacetylene was first filtered to remove the insoluble impurities 
(e.g., polymerized form) and converted chemically to NHS-PDA as described above. 
Appropriate amounts of NHS-PDA and other forms of PDA derivatives (e.g., dopants or 
ligands) were mixed to give the desired molar ratio. The solution was dried using gas, so 
a thin layer of white material deposited on the bottom of the vial. Deionized water was 
added to bring the total concentration of lipid to approximately 1 mM. The solution was 
sonicated by using either a probe sonicator for approximately 20 minutes or a bath sonicator 
for over 2 hours until a clear solution was obtained. The solution was filtered through 5 nm 
1 5 filter while hot, then stored at 4''C overnight. 

Prior to cross linking, O.I M phosphate buffer (pH 8.5) was added to the liposome 
solution. Antibody dissolved in a similar buffer was then added, and the solution was stored 
at 4°C overnight. Excess antibody was removed by either centrifugation or dialysis. When 
centrifugation was used, the pellet was resonicated gently using an ice bath. Following 
20 association of the antibody to the sonicated material, polymerization was conducted as 
described for liposomes in Example 1. 

Antibodies can also be attached to biopolymeric material by hydrazides. In some 
embodiments, this may be preferred to NHS-coupling because NHS may react at the Fab' 
region of the antibody,, blocking binding to analytes. The hydrazide method causes 
25 attachment of the Fc region of the antibodies to the biopolymeric material, leaving available, 
the binding region. In the hydrazide method, hydrazide-PDA lipids were produced, and 
unpolymerized liposomes are generated (e.g, 20% hydrazide PDA/80% TRCDA). Using 
Centricon 50 filters, 500 ^l of stock antibody solution was washed by adding an equal 
volume of 123 mM sodium citrate (pH 5.5) and spun down at 4000 rpm for 9 minutes. The 
30 filtering step was repeated two more times. Four hundred microliters of the antibodies in 

citrate buffer were then oxidized by incubating with 25 ^l of sodium periodate for 2 hours at 
22°C. After the 2 hours, the reaction was quenched by adding 50 ^1 of N-acetylmethionine. 
Next, 300 ^l of liposomes, 150 ^l citrate buffer, 400 ^l water, and 200 m1 of oxidized 
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a„,ibodi« we« incubated ovem.gh, a, 22'C. Uncoupled antibodies are removed from 

b, u.n. Cen.co„ .00 flUe. and wa.bin. wi,H ,00 . Tris - 
cLift-gation at 4000 rptn ,o, 2 minutes. After multiple washes, the santple ts dtlute Of 
necessary) with Tris buffer to make a 0.2 mM (or less) liposome solution. 

V Others (Amino Acids, Nucleotides, Etc) 

AS described above and shown in Figure 9. tite attachment of amino acids though 
amine linkage to diacetylenes has been accomplished. A vartety of other means of attachmg 

,r„up species is described in Example 7, for VOC detectton. These --P'- — « 
L Lvation of PDA with a broad range of chemical head groups such as hydrophthc 
uncharged hydroxyl groups, primary amtnc functionalities, amino acid denvattves, a^d 
Tylplbic groups. These and other modifications are generated by synthests med^ods 

-,^'17embodiments, various other surfactant-linked ligands can be prepared using 
. . reactions involving an activated carboxylic acid group and a nucleophthc ammo 
oTI : activld with trimethylacetylchloride under anhydrous conditions to 
r: tive asymmetric anhydHde. The tmhydride can be treated with excess e.Me^ 
Line or ethanolamine to form ethylenediamino-POA (EDA-POA, or =.hano'amme-«.A 
(EA-PDA, respectively. One and a half mole equivalents of trie.hylam.ne are added as 
!Zle 1 reactions are allowed to proceed for ttaee hours a. room tcmperanu. 
EorPDA and EA-PDA are chromatographically purified using a silica gel column and a 
!rf— o, gradient T.e EOA-PDA or EA-POA are then be conder^d wt^^e 
loxylic acid containing ligands (chemically activated as above) to form the hgand-h^ 
Hym" izable surfactants. Representative examples of ligands drat can be prepared by thts 
method include, but are not limited to, carbohydrates, nucleotides, and btotin. 

The art contains numerous other examples of successft.1 linkage or assoctauon of 
molecules to lipids and membranes. The self-assembling monomers associated «.th Itgands 
i: : lifted ch.n length or may consist of double or multiple -ns- " 
combinations of ligands and monomers provide an extremely broa array o l^P V-c 
^.rials appropriate for the interaction with a broad range of an^ytes, «.th dte destred 
colorimctric response, selectivity, and sensitivity. 
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EXAMPLE 6 
Colorimetric Analysis 

I. Visual Detection 

5 In preferred embodiments, the colorimetric changes of the biopolymeric materials of 

the present invemion are detected though simple observation by the human eye. Because of 
the simplicity of the observation, this function can be accomplished by an untrained observer 
such as an at-home user. 

10 II. Visible absorption spectroscopy 

In some embodiments it may be preferred to obtain accurate quantitative data of the 
colorimetric responses or to record subtle changes or faint signals undetectable by the human 
eye. Spectroscopy means may be applied to acquire such data. 

Visible absorption studies were performed using a Hewlett Packard 8452A Diode array 
spectrophotometer. For PDA material (/..., films and liposomes), the colorimetric response 
(CR) was quantified by measuring the percent change in the absorption at 626 nm {i.e., which 
imparts the blue color to the materia!) relative to the total absorption maxima. 

In order to quantify the response of a biopolymeric material to a given amount of 
analyte, the visible absorption spectrum of the biopolymeric material without the analyte was 
20 analyzed as 

Bo = l626/(l536 + l626) 

Where B„ is defined as the intensity of absorption at 626 nm divided by the sum of the 
absorption intensities at 536 and 626 mn. The biopolymeric material exposed to analytes 
25 were analyzed in the same manner as 

Ba = l626/(l536 + hid 

Where B, represents the new ratio of absorbance intensities after incubation with the analyte. 
30 The colorimetric response (CR) of a liposome solution is defined as the percentage change in 
B upon exposure to analyte. 

CR = [(B„-BJ/BJ X 100% 



- 70 - 



BNSDOCID. <WO_9839632Al_l_> 



PCTAJS98/03963 



WO 98/39632 



EXAMPLE 7 
Detection of Analytes 
The bro.d range of Wopo.ymeric materials .augh. by .he present invention allow for 
the .etll of nu„elus analytes. Snch an-y.es range frotn complex biological organrsms 
les, bacer,. an. Parasites, to s.mp,e, small organic molec.es - 
„s> Speciflc applications of .he presenily claimed inven.ion are de^bed below to 
ZL rid 1— Of .e ,nve„..on to a range of analyc deteaion ^«ms and 

.:r,citv and ease of use. These examples are intended to merely 
rr . ^ in.„.on. ,. . no. imended .ha. .e present 

invention be limited to these particular embodiments. 
I Detection of Influenza Virus 

The presemiy cla,med invention provides supenor means of dcecting influent 

r.o urren ly available technology. lmm»,ological assays are limired because o ti» 
compared .o urrend .^^^^.^^ ^, 

.migemc s ; -2irl . ,.L..ion of a patient's exposure to inOuen. wil, be 

.o a par.... s.ra.n. Mee. even newly evolved, uncharact^t^d 

"i::l^:Il.'X"-c ma.=.a. was genera^d as descnbed in Examples , and 
3 The mlr^were exposed .0 in„nen. vir. and colorime„ic — ^ "^^^ 
visllly or with spec^oscopy as described in Example 6. and shown m P.gure f^ blue 

V , and red phase (dashed line) marerial. respecively. For hposomes. a 1-10/. 
(sohd l,ne and red ph^(^ ^ ^^^^^ ^^^^ .^^^^ ^, 

mixture of sialic acid-linKea tr^^ vv i / ^/ T Am 

Tptimum viral binding occurs for mix«res of .-.0% in liposomes (Spcvak e. al.. , Am. 

Chem. Sec. 161: 1 146 [1993]). method), 

For silicas glass-entrapped liposomes (.-.., liposomes prepared by ^^^^J' 
.„asfou.ti..3.-OCO.Providedamo.vivid^^^^^^^^ 

ri:::!! — ..Igh an unde..anding of the mechanism ,s not re,u.red to 

''^"T::t:r:: illation of . ... ^^^.^^^ cont^mng Uposome 
solutiol : sTminutes resu« in dte formation of d^ply blue colored liposomes, wh.>e 
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polymerization for between 10 and 30 minute resulted in a purple color. When influenza 
virus was added to the liposomes, the material changed to a pink or orange color, depending 
on whether the initial preparation was blue or purple, respectively. These color changes were 
readily visible with the naked eye. 

Competitive inhibition experiments were conducted to demonstrate the specificity of 
the ligand-analyte interaction. Experiments were performed as described above, but with a 
slight excess of a-O-methyl-neuramatic acid, a known inhibitor for influenza virus 
hemagglutination. The presence of the inhibitor resulted in no detectable color change of the 
biopolymeric material. 

It is contemplated that the influenza virus detection system include additional ligands 
that recognize and differentiate influenza strains or serotypes from one another and from other 

pathogens. 

The sialic-acid containing biopolymeric materials of the presem invention provide 
means of detecting many other pathogens. In addition to influenza virus, sialic acid has the 
capability of detecting other analytes including, but not limited to, HIV, chlamydia, reovirus. 
Streptococcus suis. Salmonella, Sendai virus, mumps, newcastle, myxovirus. and Neisseria ' 
meningitidis. 



20 



25 



30 



II. Detection of Cholera Toxin 

Cholera toxin is an endotoxin of the Gram-negative bacterium Vibrio cholerae that 
causes potentially lethal diarrheal di.sease in man. Cholera toxin is composed of two subunits 
A (27 kDa) and B (1 1.6 kDa) with the stoichiometry AB,. The B components bind 
specifically to G^, gangliosides on cell surfaces, ultimately leading to translocation of the A, 
fragment through the membrane. Cholera toxin can be recognized by G„, -containing 
supported lipid membranes and polymerized Langmuir-BIodgett films containing G^, and a 
carbohydrate "promoter" lipid {i.e., sialic acid-derived diacetylenes) as shown by Pan and 
Charych (Langmuir 13: 1365 [1997]). 

Ganglioside Gm„ cholera toxin from Vibrio Cholerae, human serum albumin, and 
wheat germ agglutinin were purchased from Sigma. 5,7-docosadiynoic acid was synthesized. 
Deionized water was obtained by passing distilled water through a MiUipore 
ultrapurification train. Solvents used were reagent grade. The ganglioside G^, was mixed at 
5 mol % with the diacetylene "matrix lipid" monomers. Liposomes were prepared using the 
probe sonication method and polymerized by UV irradiation (254 mn). The conjugated ene- 
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v„e backbone of polydiacetylene liposomes results in the appearanee of a deep blue/pu,ple 
ir Tbe Vile abson=.ion spee.u„ of *e fresbiy prepared purple iiposonres ,s s.o«n 

"'Tori co,orin,e«.c .say, cholera .oxin was dlluled ro 1 m^nU in 50 mM Tris 
buffer pH 7.0. In a 500 .1 glass cuveae. blue phase liposomes produced as above were 

\ i in 50 mM Tris buffer. pH 7.0. The liposomes were pre-incubaled m *e buffer 
:!:t30 11.0 ensure srabiU. of .e blue phase pnor .o .he addition of cholera .o.n. 
No color changes were observed during this period. 

Cholera .xm was added .o ,he cuvene by ,he meUrod of successive — ■ 

. ,ddi.ion the conlents were mixed and U,e visible absorption spectrum was recorded as 
each addttton. the «.n ^^^^ ^^^^ ^ ^ 

::::r;lsr:L. Of toxin asshown.Pigure.. Af^reachexpe^^^ 
Itents of the cuvette were transferred to a single well of a white mterottter plate. The 
:rr:nrco.or of the eholera-treated liposomes was veHf.ed visually with a blue negauve 

negative response was observed If the ganglioslde 0„, Ugand was removed from*e 
„,somes. Similarly, negative responses were obtained when — ^^^^ 
pLtns besides cholera toxtn were added to the G„,— „g hposomes. These 
human serum albumin, avidin, and wheat germ agglutmm. 

Kinetic experiments indicate that greater than 95% of the color change occurs wttta 
,He frstto minis of adding the toxin. As shown in Ftgure .8. the color tra^^non tsno. 
I all or nothing effect but depends on the .uantity of toxtn titrated . e so n^ T.e 
sigmoidal behavior suggest cooperativity of the colorimetric transttton. Althou^ 
nLsary to understand the mechanism in order to use the present tnventton. and , s no, 
Z^that the present invention be so limited, It is cont^plated ... ^s maytnd^ 
binding l.e.f is cooperative tn the sense tha. binding of toxm to *= 0 l^=^d ma. 
binding of subsequent toxins more favorable. Alternatively th.s result mtght more 
r^lately be understood in terms of .he lipid-polymer side oHa>n — n ^d .^^^ 
It on the effective conjugated length of *e polydiacetylene baCbon. ~ 
conjuga^d length is reduced as a result of toxin binding, subsecuent perturbatton of 
remainder of the lipid-polymer backbone becomes more favorable. 
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IIL Detection of E. Coli Toxin 

Liposomes were prepared with 5% by mole of 0^, and 95% 5,7-DCDA. For the 
colorimetric assay, E.coli toxin (Sigma) was spun through a 30 K molecular weight cutoff 
filter at 2000 x g at IS^C to remove salts. The protein was re-diluted in 50 mM Tris buffer 
pH 7.0 to a final concentration of 1 mg/ml. 

Figure 29 shows the visible absorption spectrum of the polymeric liposomes 
containing 5% G^, ligand and 95»/o 5,7-DCDA prior to exposure to E. Coli toxin. The 
liposomes were diluted in 50 mM Tris buffer, pH 8.0 to a final concentration of 0.2 mM in a 
plastic disposable cuvette. The solution in the cuvette appeared purple to the naked eye. 

To the liposomes solution in the cuvette, 40 ^1 of the above E. coli toxin was added 
and the sample allowed to incubate for 10 minutes. The visible absorption spectrum was 
again recorded as shown in Figure 30. The solution in the cuvette appeared pink to the naked 
eye after the addition of the toxin compared to a purple color before the addition. The 
absorption spectra of Figures 29 and 30 confirm the color changes observed. 



IV. Detection of Other Pathogens 

The presem invention may also be used to detect a variety of other pathogens. 
Ligands, specific for a large number of pathogens (e.g., carbohydrates, proteins, and 
antibodies) can be incorporated into the biopolymeric material using routine chemical 
synthesis methods described above and known in the art. Some of the examples of pathogen 
detection systems are presented below to demonstrate the variety of methods that can be 
applied using the present invention and to demonstrate the broad detecting capabilities of 
25 single ligand species (e.g., sialic acid). 

The sialic acid derivated material of the present invention has been used to detect the 
presence of parasites such as Plasmodium (i.e., the etiologic agent that causes malaria). In 
these embodiments, the genetically conserved host binding site was utilized. PDA films 
containing sialic acid as described above were exposed to solutions containing malaria 
parasites and erythrocytes. After overnight exposure to the parasites, the films became pink 
in color. The color response (CR) in each case was nearly 100%. It is contemplated that the 
system be used in conjunction with other testing material (e.g., arrays of biopolymeric 



- 74 - 



BNSDOCID: <WO_9839e32A1_L> 



10 



15 



20 



25 



PCT/US98/03963 

WO 98/39632 

material w,U. various ligand.) .o identify and difeen«a,e the presence of particularly virulent 
species or strains of Plasmodtum flc-P'^-"^ pa^ogens. _ 

,„ yet other embodiments, antibodies were used as ligands to successfully detect the 
presence of NOssena gonorrHoeae and Vmo vulnificus. The incorporation of the anttbodtes 
into the biopolymeric material is described in Example 5. , „ 

AS is clear from these examples, the present invention provides a vanety of means «. 
detect a broad range of pathogens, including bacteria, viruses, and parasites. 

V Detection of Volatile Organic Chemicals (VOCs) 
Certain embodiments of the presently claimed invention provide means to 
colorimetrlcally detect volatile organic compounds (VOCs,. Most of the current methods of 
VOC detection require that samples be taken to laboratory facilities where they are analy»d 
gas chromatographv/mass spectroscopy. Some of d,e on-s,te ^^^^^^ '7^- 

bZ pieces of e,uipmen. such as that used in spectroscop.c analysts. Whtle *ese meth ds 
are excellent for providing quantitation and identification of the contaminant, -hey cannot 
ensu. the safety of the individual worker. In one embodiment, the present invennon 
provides a badge containing ,mmobih.ed biopolymeric material that stgnals the pres«,^ of^ 
harmful VOCs and provides maximum workplace safety within areas that contatn VOCs. The 
badge is easy and simple to read and requires no experiise to analyze on the part of *e 
we^er. The color change of the badge signals the individual to take approprtate acuo. 
badges reduce costs and improve the emciency of environmental management and restoration 
actions, signiftcantly reducing down-t,me due to woricer illness by pteventing over-expo^ 

to ootentially harmful substances. 

TWO main approaches toward VOC detection have been adopted by vanous groups^ 
The first involves t^itional analytical techniques such as OC/MS that have been modtfied 
for VOC detecrion (,.c., an instrument-based approach) (Karpe e. a,.. >. Chromatography A 
708- 105 (19951) However, these methods are expensive, complicated, and do not lend 
tbemselves to field or home use. The second involves the coupling of lipid metnbranes to 
d«ec.or surface(s) (.■-., an organicdevice approach). In the past decade. 
devices that involve the coating of a piezoelectric mass balance with ar, orgamc fihn 
^ investigated. Because o, the non-selective nature of the coating, these have been 
invesUgated in an array. The. sensors, such as the quartz crystal ^^J^* 

/cAVX/^ Hevices (See e s , Rose-Pehrsson et ai. Anal. Chem. ou. 
the surface acoustic wave (SAW) devices e.g., r.ua 
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2801 [1988]), have linear frequency changes with applied mass. By applying a polymer or 
other coating to the crystal, a sensor based on the QCM or SAW is constructed. The 
complex electronics involved in the use of SAW, QCM, and electrode based systems makes 
these approaches less amenable to use as personal safety devices. 

The present invention differs from these methods in that signal transduction is an 
integral part of the organic layer structure rather than signal transduction to an electronic 
device. In addition, embodiments of the present invention facilitate optical detection of the 
signal rather than electronic detection. Furthermore, the present invention provides flexibility 
in material design, allowing easy immobilization into a small cartridge {e.g., a badge) rather 
than being burdened with the need for electronic equipment. 

During the development of the present invention, it was observed that the interaction 
of volatile organic solvents with certain lipid-polymer membranes produced a strong blue to 
red color transition. Figure 31. curve a. shows the absorption spectrum of a PCA film in blue 
phase. The film changes to red phase PCA, curve b, upon exposure to approximately 500 
ppm of I-octanol dissolved in water. For a variety of solvents analyzed, the degree of color 
change was generally dependem upon the concentration of the solvent and also increased with 
the extent of halogenation and aromaticity. In this study, a single component thin membrane 
film of PCA was prepared and polymerized to the blue state by UV exposure (254 nm). 
These materials were more sensitive to water-immiscible solvents than to water-miscible 
solvents. For the miscible alcohols, it was found that the response increased dramatically for 
isopropanol compared to ethanol, perhaps because of a greater extent of solvent intercalation 
into the membrane. For the water-immiscible solvents, measurable color changes were 
obtained at 0.05 wt% (500 ppm). Within this group, a similar trend was observed with 
increased alcohol chain length, as well as with increased extent of chlorination. A wide 
25 variety of water-immiscible solvents were examined at their water-saturation concentration, as 
shown in Figure 32A and B. As indicated in section B, each concentration is different. In 
Figure 32A, the y-axis represents the colorimetric response, or the extent of blue-to-red 
conversion. The numbers above the bar represent an upper limit to the detection in ppm. For 
many of these solvents, it is clear that solvent concentrations well below 500 ppm can be 
30 detected. 

For the immiscible solvents that have a relatively high solubility in water, it was 
possible to examine the effect of solvent concentration on the colorimetric response. A linear 
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,eU.io„s.p was foun. .o e.. be^een ..e c„,oH.e„ic ,e.po„. an. ^.ve„. .o^^on in 

„a»r in .he range of 0.05-S «. % as shown in Figure 33 fo, l-buianol. 

The pharmaceutical industty has an ongoing need for solvent sensors, as 

•T!™nounds are typically manufactured through organic chemical reacttons that 
'"'1" oLilts. Before paclcaging of a drug for use in humans or other 
ir::":: — dri.en off (Carey and Kowals.. Ana,. Chem 

. The currently used method for deleting these VOCs uses energy ..enstve 
r ,„ bL hot air across the drug and pie^lectric crystal arrays to analyze the 

i„! of 1 lous solvents CCarey, Trends in Anal. Chem. 13: 2,0 11993,,. The 

— pro^des a colorimetric based approach that greatly simplify these 

~::;t,o. interest in analytical methods for dte ,uantita«on of VOCs in n^n- 

virnnments has increased dramatically in the last several years. This is 
— :::: s of emiss.ons f.m common hous^old a .^^^ ^ 

— ^clluce the pres^tce of ha^dous VOCs wt-ut the need 

.ndoor a,r — ^^^^^ claimed invention 

for a,r " .^^^^^^^^ „^„,. ,„,^, emhcdiments of the present invention 

:::r::: Cung. and .he cartridges may be competed to sm... por^ble, 
battery-operated pumps for personal or general air samplmg. 

VI Detection of Other Small Organic Molecules 

^Lin inclusion com^unds, or clathrate. such as compounds 1 and^ m F.^ 3. 
Have been sho™, to be highly selective sorbents for organic solvent vaPors (EMe-^ 
. r..™ M Ed Engl Vol. 32. p. 110 [,993]). For example, compound 1 has a 

d aff^UyTor dilane and little afftnity for butanol, acetone, methanol, 2-propa„o,, 
and water. Compound 2 on the other hand, shows a pronounced 

afflmty for 1-butanol over the same group of solvents. 

The purpose of titis example is to show the development of a new class 
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sensor devices that detects the presence of compounds such as solvents or other toxic 
pollutants in air or water streams. 

The first step involves the synthesis of lipid diacetylene analogs of compounds 1 and 2 
as shown in Figure 34. In this figure, the enantiometrically pure ester of PDA 
(pentacosadiynoic acid) 3 is hydroxylated via molybdenum peroxide oxidation to alcohol 4. 
Diasteriomers are separated and the ester is hydrolyzed to chiral lactate analogs 5 and 6. The 
ethyl esters are formed and treated with Grignard reagents to give the desired chiral lipid 
analogs 7 and 8. Variation in the R groups result in a wide variety of new materials in which 
the specific entrapment capabilities are reviewed. 

The monomer-lipid clathrate is ordered and compressed on the water surface using a 
Langmuir-Blodgett film apparatus. Polymerization of the monolayer by UV irradiation yields 
the blue colored material as described above. The film is lifted onto a hydrophobized 
microscope slide. Exposure of these materials to analytes (e.g., 1-butanol or dioxane) 
produces a colorimetric response. 

VII. Detection of Glucose with Hexokinase Ligands 

For the colorimetric measurements, the hexokinase modified films, as described above, 
were placed onto siianized glass cover slides for the purpose of measuring the optical 
properties. The biosensor coated glass cover slides were placed in glass cuvettes and the UV- 
Vis spectra of hexokinase modified films were recorded in 0.1 M phosphate buffer (pH 6.5). 
Measurements taken in this buffer condition were considered background. Addition of 
glucose, or other sugar substitutes, occurred directly in the cuvettes. Figure 35 shows the 
UV-Vis spectra of a hexokinase modified PDA monolayer upon addition of glucose as a 
fimction of incubation time, showing (A) background (0.1 M phosphate buffer, pH 6.5); (B) 
at t = 0.02 min after addition of 10.0 mM glucose; (C) at t = 30 min after addition of 10.0 
mM glucose; and (D) at t = 60 min after addition of 10.0 mM glucose. 

It is clear that addition of glucose provokes an immediate response as reflected by the 
increase in absorbance at 550 mn. The response increases with time, reaching its peak at 60 
minutes. The colorimetric response (CR), defined above, was 5.2, 13.7, and 17.1% for t= 
0.02, 30, and 60 minutes, respectively. The color change was irreversible under these 
conditions. 

The selectivity of the glucose sensor was studied using sugar compounds structurally 
similar to glucose as shown in Figure 36. All tests were made in 0.1 M phosphate buffer (pH 
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6 5, The s^ond .he la. column on *e right represents ,he glucose agiution o„ *e PDA^ 
monolavers wOtou. ,n,n,obni.d hexo..„ase. The sampUng number („) for «,e glucose .s „ - 
. „h«e for the rest n - 3. Addition of ,0.0 ,nM sorbitoi. galactose, and sttcrose d.d no^ 
Hgger the seh..r. suggesting that the sensor is very specific for the sugar glucose. To «her 
exline the mcchantsn. of activation of the sensor, a PDA tnonolayer wtthout tmntobtlt^ 
hexoRinase was tested. No signtfican, response was observed, as the CR at t - 60 tntnutes 
rlpantble to the background of the hex„..a..co„iugated 

demonstrated Uta. glucose by ttself cannot induce the color change ,n the PDA ftlms^^ 
presence of immobilized hexoUnase was required to allow the sensor to respond to gluco^. 

VIII. other Examples 

The examples provided above demonstrate the broad range of analy.es detectable by 
the presendv claimed inve„.,on. rangmg from complex biological organisms (e.g.. vru^. 
.actena and parasttes) to simple, small organtc molecules (e.g.. alcohols,. A number of 
other analy.cs have been successfully detected using l.gands linked .0 biopolymenc ma^a. 
Iding. but not limited to botulinum neurotoxin detected with gangltostde -rporat^l 
PDMPan and Charych, Langmutr 13: ,367 tl997„. It is contemplated that numerous hgand 
types will be linked .o self-assembling monomers ustng s«ndard chemical synthests 
tlhlques known in the art to detect a broad range of analytes. Additionally, numerous *er 
Tg^rtypes can be .ncorporated into the btopolymeric matrix without covalen. attac^cn. «, 
self-assembling monomer. These matenal. allow for the detection of small molecules, 
;l:gen3, bactena. ,nembrt„e receptors, membrane fragments, volatile organic compounds, 
enzymes, drugs, and many other relcvam materials. 

The presently claimed invention also finds use as a sensor m a vanety of other 
applications. The color ttansition of PDA materials ,s affected by changes in .emp«a^ and 
pH. Thus, the methods and compositions of the presently claimed inventton find use 

temperature and pH detectors. ^„„„Ptitive 
Ligands can also be used in me present inventton when they funcon as comp«.uve 
binders to the analyte. For example, by measuring -he colorimetric response to an ^ye 
.he presence of a natural rec^.or for the analyte, one can determine the ,uan„ty author 
Whig afflnity of the natural receptor. Application of compcition or inhibition techn,ues 
r:le testilg of very small, largely unreaCve compounds, as well as 
in very low concentrations or substances that have a small number or s,ngle vahancy. One 
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application of this technique finds use as a means for the development and improvement of 
drugs by providing a screening assay to observe competitive inhibition of natural binding 
events. The compositions of the presently claimed invention further provide means for testing 
libraries of materials, as the binding of desired material can be colorimetricaily observed and 
the relevant biopolymeric material with its relevant ligand separated from the others by 
segregating out a particular polymeric structure. 
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EXAMPLE 8 
Immobilization of Biopolymeric Material 

I. Immobilization to Silicon Chips and Gels 

The silicon gel or wafers are acid cleaned in 1:1 HCl/methanol, rinsed in water, and 
placed in concentrated sulfuric acid. After a thorough water rinse, the wafer chips or gel is 
boiled in doubly distilled deionized water, allowed to cool and dry and then siianized under 
inert atmosphere in a 2% solution of 3-mercaptopropyl trimethoxysilane prepared in dry 
toluene. Next, the chips or gels are placed in a 2 mM solution of either GMBS (N- 
succinimidyl 4-maleimidobutyrate) or EMCS (N-succinimidyl 6-maIeimidocaproate) prepared 
in 0.1 M phosphate buffer (the cross linker is first dissolved in a minimal amount of 
dimethylformamide). After rinsing with phosphate buffer, the chips are placed in a 0.05 
mg/ml solution of the liposomes prepared in pH 8.0 phosphate buffer. Finally, the chips or 
gels are thoroughly rinsed with, and then stored in, the buffer solution prior to their use. The 
liposomes should have an -NH, functionality for the cross-linking with GMBS or EMCS to 
work. 



25 



30 



II. Sol-Gel Entrapment of Biopolymeric Material 

A silica sol was prepared by sonicating 15.25 g of tetramethylorthosilicate (TMOS), 
3.35 g of water, and 0.22 ml of 0.04 N aqueous hydrochloric acid in a chilled bath until the 
solution was one phase (approximately 20 minutes). Chilled MOPS buffer solution (50% v/v) 
was then added to the acidic sol making sure that the solution was well cooled in an ice bath 
to retard gelation. A variety of materials are appropriate for generating silica sols, including, 
but not limited to, any tetraalkoxysilane or organically modified silane (e.g., ormosil). 
Additionally, tetraethylorthosilicate (TEOS), methyltriethoxysilane (MeTEOS), aryl 
silsesquioxanes, and other metal oxides find use in generating sol-gel glass. 



80 - 



BNSDOCID: <WO 9839632A1_L> 



• PCT/US98/03963 


For encapsulating liposomes, a polymcnzcd liposome solution (2.5 ml) (as genera^d 
in Example 1) was .hen mixed into the buffered sol (10 ml) and ti>e mixn^e poured mto 
"veues, apptied as a aim on a fla. surface, or .ured in. an. orher des ed .rma ,on 
emp.a,e. sealed wi.h Parafilm. and allowed .o gel a. ambien. umperaiure. 
samples occurred within a few minu.es resulting in tiansparent. monohauc sol, s (.8 rnm 
,0 1 X 5 mm) in *e case of cuvene formed gels and as viole. colored monohU.s w„h p- 
PDA liposomes. Sligh. shrinltage of aged monoliti^ was observed due .o sy„eres.s. 

The encapsulation of oU,er biopolymeric ma.erial shapes (i-e., film and oto 
nanos.ruc.ures) can be conduced as described above. The maieriais mus. be generared or 
lioned in.o small (/.., nanoscopic) sized portions it no. already so, and ,ncorpora«d .n.o a 
solution to be mixed with the buffered sol. 

EXAMPLE 9 
Generation of Arrays 

,„ some embodimenrs, .he presentiy claimed Invention con.empla«s .he generation of 
» large palerte of polymerizable lipids of dlfferen. headgroup chemis.ries .o create an array. , 
Lipids comaining head groups ™i.h carboxylic acid functionalities (.mparting a fonn^ 
negative charge), hydrophllie uncharged hydroxy groups, pHmary amine ^nc.,onai...es (that 

acquire a formal positive charge), amino derivatives (wi.h posiiive, negative or 
™I..Honic charge), and hydrophobic groups among others can be generated^ n ^me 
embodiment of the present inven.io„. U.e combination of Utese materials ,n.o a s.ngl= d^ 
acilitates .he simulianeous dcection of a vanety of analytes or ti.e d— on of a destred 
analytes from baclcground interfcrants. In some embodiments, biopolymer.c ma«nals 
comrnsing varying dopant materials are used to provide a different color patiem for each 

portion of the array. 

For example, a large palette of polymerizable lipids of different headgroup 
Chemises can be generated to create an array. For example. Figure 37 depots Up,^ 
various head group chemistries. These may be categorized in.o fve S^oups '-as^d^^^f " 
Head group functionaiiry. Compounds 2.4 and 2.5 contain carboxyhc acd functionahties. 
nja fonnal negative charge. Compounds 2.6 and 2.7 contain a hydrophiho uncharged 
"group, compounds 2.S and 2.9 have pnmary amine func.ionali.ies .ha. may acutre 
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a formal positive charge. The amino acid derivative 2.10 may exist with positive, negative or 
zwitterionic charge. Compounds 2.11-2.13 have hydrophobic head groups. 

The synthesis of these lipids begins with commercially available PDA (2.4). Synthesis 
of all but 2.10, 2.12, and 2.13 can be carried out by coupling the respective head group to 
PDA utilizing the activated N-hyroxysuccinimidyl ester of PDA (NHS-PDA) as described 
above. The amino acid lipid 2. 10 can be prepared in four steps from PDA as shown in 
Figure 38. using lithium aluminum hydride and transformation of the alcohol to the 
corresponding bromide derivative. The bromide is converted to the protected amino acid by 
reaction with diethyl N-acetimidomalonate in acetonitrile with sodium hydride, followed by 
deprotection. The fluorinated lipids 2.12 and 2.13 can be prepared by the reaction of 
pentafluorobenzoyl chloride with amino lipids 2.8 and 2.9. 

Materials prepared as above, can be deposited into chambers of a device or 
immobilized to specific portions of a device. By generating biopolymeric materials with 
differem properties {e.g., analyte or reaction detection capabilities, colors, analytes affinities) 
within a single apparatus (e.g., a badge), an array is generated with the ability to identify, 
distinguish, and quantitate a broad range of reactions and analytes. 

EXAMPLE 10 
Detection of Membrane Rearrangements 

I. Phospholipase Aj 

Biopolymeric liposomes were prepared by probe sonication of a mixture of 
polymerizable matrix lipid 10,12-tricosadiynoic acid and various mole fractions (0%-40%) of 
PLA, substrate lipid (e.g, DMPC) in water, followed by polymerization with 1.6 yJ/cm' 
ultraviolet radiation, 254 nm. Analysis by transmission electron microscopy indicated an 
average vesicle size of approximately 100 nm. 

In their initial state, the vesicles appeared deep blue to the naked eye and absorb 
maximally at around 620 nm. Polymerized vesicles composed of 40% DMPC/60% PDA, I 
mM total lipid, were diluted 1:10 in 50 mM Tris buffer pH 7.0 to a final volume of 0.5 ml in 
a standard cuvette and the spectrum recorded using a Hewlett Packard Spectrophotometer 
Model 9153C. Bee venom phospholipase A, (Sigma) was dissolved in a 10 mM Tris, 150 
mM NaCl, 5 mM CaCl, buffer pH 8.9 to yield a final concentration of 1 .4 mg/ml PLA,. 50 
III of this solution was added to the cuvette and the spectrum was recorded after 60 minutes. 
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■ PLA to the DMPC/PDA vesicles, the suspension rapidly turned red (i... 

!ri: » — ..... . - . . .o^, . 

u.r: IX a ... o. ™o,e. OMPC ... . .. ... 

, • .trie response Five microliters of 1 .4 mg/ml PLA^ was added to 50 ^1 of 

- t -^"^^so^Z was .cni^rea as a function of .in,e a. 620 nn. an. 4<« 
The absorption of the vesicie soiui 

wavelen^hs. Th. da. »as .h=n plotted as co.orimemc response ,CR) versus nme 
,ie,d «,e eolor response curves as shown in Figure ,7, deseri^ ab^ve^ 

,n order .o eonfrm ,ha. bioearaiysis was oecurr,ng a. 4e DMPC/P^A - , 
„denende„.ly measured using a labeled lipid analog mcorpora«d mto the PDA 

:::: air — — - — — Tr 

t ,.2.to-(S-decanoyl)-1.2-dith.o-sn.6lycero-3- 
't T Toline ;T^C nl nncroliters of DT^/PDA vesicles diluted with 45 ^ 40 
rrlT; - sl, Of . ntM DTHB were incubated with 10 . of 1.4 .g.n.1 P... 
The absorbance at 412 rnn was monitored over fme. 

NMR experiments were conducted to further verify the occurrence of tnterfac^ 
, bv PlI and provide information of the fate of the enzymatic reacuon products, 
catalysts by PLA,. and pro ^esla on a Bruker DMX50O NMR 

suspension after addition of PLA^ (200 ng). 
II Phospholipase C and D 

The assays for phospholipase D and C were run under simUar condtttons ^ the 
The assays to p P ,0,12-tricosad,yno,c actd 

phospholipase PLA, assays^ n all . ^ ^^^^ 

(TRCDA) liposomes were used. Aqueous stoc Tris ISOmMNaCl, 

Lpared by dissolving the enzymes at 1 mg/ml concentratton m 50 mM Trts^ 150 
nrcac. pH 8.9 buffer and 20 mM sodium borate. ,50 mM NaCl. 5 mM CaCl pH .9 
but, rSLw. The assays were then performed by adding 5 pi of liposomes. 45 pi 50 
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mM Tris pH 7.0 (or 20 mM sodium borate pH 7.0 when testing PLC), and 5 ^ of enzyme. 
Controls for the assays consisted of 5 ^1 of buffer instead of enzyme. The assays were 
monitored at 620 nm and 490 mn every two minutes for the first ten minutes, and then every 

ten minutes for the remaining 50 minutes. 

III. Bungarotoxin 

Assays were conducted under similar conditions to the experiments described above 
Ten microliters of I mM 40% DMPC/60% TRCDA liposomes, 35 of 50 mM Tris pH 7.4, 
15 Hi BUTX (Molecular Probes B-3459) were dissolved in 50 mM Tris, 150 mM NaCl, 5 
mM CaCU pH 7.4 to make a 2 mg/ml solution. Spectra were monitored every 2 minutes for 
the first 10 minutes of the incubation and every 10 minutes for the remaining 50 minutes 
Absorbance at 490 and 620 nm were monitored using a UV max microplate reader. 

IV, Inhibitor Screening 

Inhibitors were used to block the colorimetric event initiated by PLA,. DMPC/PDA 
vesicles containing 0.6% MJ33 were polymerized and incubated with 5 ^1 of 1.4 mg/ml 
PLA,. Five microliters of unpolymerized liposomes were combined with 40 fxl of 50 mM 
Tris pH 7.0. 5 Ml MJ33 (0.006 M dissolved in water), 5 ^1 of 50 mM Tris. 150 mM NaCl, 5 
mM CaCU pH 8.9, and incubated for 15 minutes. The liposomes were then polymerized in 
20 96 well plates and absorption spectrum were recorded at 490 nm and 620 nm. Five 

microliters of PLA, were added and spectra at specific time intervals were monitored for one 
hour. For Zn'^ inhibition, the enzyme was dissolved in 10 mM Tris. 150 mM NaCl, 0.1 mM 
ZnClj pH 8.9. 

All publications and patents memioned in the above specification are herein 
incorporated by reference. Various modifications and variations of the described method and 
system of the invention will be apparent to those skilled in the art without departing from the 
scope and spirit of the invention. Although the invention has been described in com^ection 
with specific preferred embodiments, it should be understood that the invention as claimed 
should not be unduly limited to such specific embodiments. Indeed, various modifications of 
30 the described modes for carrying out the invention which are obvious to those skilled in 

material science, chemistry, and molecular biology or related fields are intended to be within 
the scope of the following claims. 
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CLAIMS 



We claim: 



1 A method for detecting a reaction, comprising: 

a) providing: 

i) biopolymeric material comprising reaction substrate and a 

plurality of self-assembling monomers; and 

ii) a reaction means; 

b) exposing said reaction means to said biopolymeric material; and 

e) detecting a color change in said biopolymeric material which indicates 
at least a partial occurrence of said reaction. 

2. The method of Claim 1 . wherein said reaction means comprises a lipid 

cleavage means. 

3. TlK m=*od of Claim 1 , fcnher comprising me step of quantifying said color 
change in said biopolymeric mateiial. 

4 The metod of Claim 1, wherein said biopolymeric materials are selected from 
,b= group consisting of liposomes, films, tubuies. helical assemblies, fiber-liRe assembl.es. and 

solvated polymers. 

5. The method of Claim 1, wherein said self assembling monomers comprise 
diacetylene monomers. 

6 The method of Claim 1, wherein said self assembling monomers comprise 
diacetylene monomers selected from *e group consisting of 5.7-docosadiy„oic acd, 5,7- 
pentacosadiynoic acid, ,0,12-pentacosadiynoic acid, and combinations .he«of. 

7 The method of Claim 1. wherein said self-assembling monomers arc selected 
from the group consisting of acetylenes. alUenes. thiophenes. polythiophencs, siloxanes po y- 
"anilinL. pyrroies, polyacetylenes. poly (para-phylenevinylene). poly (para-phylene, 
vinylpyridinium, and combinations thereof. 
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8. The method of Claim 1, wherein said biopolymeric material further comprises 
one or more iigands, 

9. The method of Claim 8, wherein said one or more Iigands is selected from the 
5 group consisting of proteins, antibodies, carbohydrates, nucleic acids, drugs, chromophores, 

antigens, chelating compounds, short peptides, pepstatin. Diels-Alder reagents, molecular 
recognition complexes, ionic groups, polymerizable groups, linker groups, electron donors, 
electron acceptor groups, hydrophobic groups, hydrophilic groups, receptor binding groups 
trisaccharides, tetrasaccharides, ganglioside G^,, ganglioside G„„ sialic acid, and 
10 combinations thereof 

10. The method of Claim 8, wherein said one or more Iigands have affinity for 

said reaction means. 



11. The method of Claim 1 , wherein said biopolymeric material further comprises 

one or more dopants. 



12. The method of Claim 1 1, wherein said one or more dopants is selected from 
the group consisting of surfactants, polysorbate, octoxynoi, sodium dodecyl sulfate. 



polyethylene glycol, zwitterionic detergents, decylglucoside, deoxycholate, diacetylene 
derivatives, phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, 
phosphatidylcholine, phosphatidylglycerol, phosphatidic acid, phosphatidylmethanol, 
cardiolipin, ceramide, cholesterol, steroids, cerebroside, lysophosphatidylcholine, D- 
erythroshingosine, sphingomyelin, dodecyl phosphocholine, N-biotinyl 
25 phosphatidylethanolamine and combinations thereof 

13. The method of Claim 1 1, wherein said one or more dopants comprises 
diacetylene derivatives selected from the group consisting of sialic acid-derived diacetylene, 
lactose-derived diacetylene, amino acid-derived diacetylene, and combinations thereof 



14. The method of Claim 1, wherein said biopolymeric material further comprises 
a support, and wherein said biopolymeric material is immobilized to said support. 
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1 5 The method of Claim 1 4, wherein said support is selected from the group 
consisting of polystyrene, polyethylene, teflon, mica, sephadex, sepharose, polyacrynitriles, 
filters, glass, gold, silicon chips, and silica. 

16. The method of Claim 2, wherein said cleavage means comprises a lipase. 

17 The method of Claim 16, wherein said lipase is selected fi-om the group 
consisting of phospholipase A„ phospholipase C, and phospholipase D. 

18 A method for detecting the presence of an analyte. comprising providing 
biopolymeric material comprising analyte substrate and a plurality of self-assembling 
_rs: exposing a sample suspected of containing said analyte to said btopolymenc 
material: and detecting a color change in said biopolymeric material, which md.cates the 
presence of said analyte. 

19. The method of Claim 18, wherein said analyte comprises a lipid cleavage 

means. 

20 The method of Claim 18, »her=in said biopolymeric materials are selected 
from Che group consisting of liposomes, films, tubules, helical assemblies, fiber-like 
assemblies, and solvated polymers 

21. The method of Claim 18, wherein said self assembling monomers comprise 
diacetylene monomers. 

22 The method of Claim 18, «herein said self-assembUng monomers comprise 
diacetylene monomers selected from the group consisHng of 5,7-docosadiynoic actd. 5,7- 
pentacosadiynoic acid, 10,12-pentacosadiynoic acid, and combination, thereof. 

23 The method of Claim 1 8, wherein said self-assembling monomers are selected 
6om the group consisting of acetylene. alUenes, thiophenes, P°''^7'-7;™f 
silanes, anilines, pyrroles, polyacetylenes. poly (para-phylenevinylene), poly (para-phylene), 
vinylpyridinium, and combinations thereof. 
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24. The method of Claim 18, wherein said biopolymeric material further comprises 
one or more ligands. 

25. The method of Claim 24, wherein said one or more ligands is selected from the 
5 group consisting of proteins, antibodies, carbohydrates, nucleic acids, drugs, chromophores, 

antigens, chelating compounds, short peptides, pepstatin, Diels-Alder reagents, molecular 
recognition complexes, ionic groups, polymerizable groups, linker groups, electron donors, 
electron acceptor groups, hydrophobic groups, hydrophilic groups, receptor binding groups, 
trisaccharides, tetrasaccharides, ganglioside G^,, ganglioside 0^,^,, sialic acid, and 
10 combinations thereof 

26. The method of Claim 24, wherein said one or more ligands have affinity for 
said analyte. 

^ ^ 2'^- '^^^ '"^^^o'^ °f Claim 1 8, wherein said biopolymeric material further comprises 

one or more dopants. 

28. The method of Claim 27, wherein said one or more dopants is selected from 
the group consisting of surfactants, polysorbate, octoxynol, sodium dodecyl sulfate, 

20 polyethylene glycol, zwitterionic detergents, decylglucoside, deoxycholate, diacetylene 
derivatives, phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, 
phosphatidylcholine, phosphatidylglycerol, phosphatidic acid, phosphatidylmethanol, 
cardioiipin, ceramide, cholesterol, steroids, cerebroside, lysophosphatidylcholine, D- 
erythroshingosine, sphingomyelin, dodecyl phosphocholine, N-biotinyl 

25 phosphatidylethanolamine and combinations thereof 

29. The method of Claim 27, wherein said one or more dopants comprises 
diacetylene derivatives selected from the group consisting of sialic acid-derived diacetylene, 
lactose-derived diacetylene, amino acid-derived diacetylene, and combinations thereof 



30 



30. The method of Claim 18, wherein said biopolymeric material further comprises 
a support, and wherein said biopolymeric material is immobilized to said support. 
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31. The method of Claim 30, wherein said support is selected from the group 
consisting of polystyrene, polyethylene, teflon, mica, sephadex, sepharose, polyacrynitriies, 
filters, glass, gold, silicon chips, and silica. 

5 32. The method of Claim 19, wherein said cleavage means comprises a lipase. 

33. The method of Claim 32, wherein said lipase is selected from the group 
consisting of phospholipase A^, phospholipase C, and phospholipase D. 

10 34. A method for detecting inhibitors, comprising: 

a) providing: 

i) biopolymeric material comprising reaction substrate and a 
plurality of self-assembUng monomers; 

ii) a reaction means; and 

15 iii) a sample suspected of containing an inhibitor; 

b) combining said biopolymeric material and said sample suspected 
of containing an inhibitor; 

c) exposing said biopolymeric material and said sample suspected of 
containing an inhibitor to said reaction means; and 

20 d) detecting the presence or absense of a color change in said biopolymeric 

material, thereby detecting the activity of said inhibitor. 

35. The method of Claim 34, wherein said detecting a color change in said 
biopolymeric material comprises comparing said color change to one or more control samples. 

25 

36. The method of Claim 34, further comprising the step of quantitating said color 
change in said biopolymeric material. 

37. The method of Claim 34, wherein said reaction means comprises a cleavage 

30 means. 
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38. The method of Claim 34, wherein said biopolymeric materials are selected 
from the group consisting of liposomes, films, tubules, helical assemblies, fiber-like 
assemblies, and solvated polymers 

5 39. The method of Claim 34, wherein said self assembling monomers comprise 

diacetylene monomers. 

40. The method of Claim 34, wherein said self-assembling monomers comprise 
diacetylene monomers selected from the group consisting of 5,7-docosadiynoic acid, 5,7- 

10 pentacosadiynoic acid, 10,12-pentacosadiynoic acid, and combinations thereof. 

41. The method of Claim 34, wherein said self-assembling monomers are selected 
from the group consisting of acetylenes, alkenes, thiophenes, polythiophenes, siloxanes, poly- 
silanes, anilines, pyrroles, polyacetylenes, poly (para-phylenevinylene), poly (para-phylene), 

1 5 viny Ipyridinium, and combinations thereof. 

42. The method of Claim 34, wherein said biopolymeric rnaterial further comprises 
one or more ligands. 

20 43, The method of Claim 42, wherein said one or more ligands is selected from the 

group consisting of proteins, antibodies, carbohydrates, nucleic acids, drugs, chromophores, 
antigens, chelating compounds, short peptides, pepstatin, Diels-Alder reagents, molecular 
recognition complexes, ionic groups, polymerizable groups, linker groups, electron donors, 
electron acceptor groups, hydrophobic groups, hydrophilic groups, receptor binding groups, 

25 trisaccharides, tetrasaccharides, ganglioside G^i, ganglioside G-m,, sialic acid, and 
combinations thereof. 

44. The method of Claim 42, wherein said one or more ligands have affinity for 
said reaction means. 

30 

45. The method of Claim 34, wherein said biopolymeric material further comprises 
one or more dopants. 
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46. The method of Claim 45, wherein said one or more dopants is selected from 
the group consisting of surfactants, polysorbate, octoxynol, sodium dodecyl sulfate, 
polyethylene glycol, zwitterionic detergents, decylglucoside, deoxycholate, diacetylene 
derivatives, phosphatidyiserine, phosphatidylinositol, phosphatidylethanolamine, 
5 phosphatidylcholine, phosphatidylglycerol, phosphatidic acid, phosphatidylmethanol, 
cardiolipin, ceramide, cholesterol, steroids, cerebroside, lysophosphatidylcholine, D- 
erythroshingosine, sphingomyelin, dodecyl phosphocholine, N-biotinyl 
phosphatidylethanolamine and combinations thereof. 

IQ 47, The method of Claim 45, wherein said one or more dopants comprise 

diacetylene derivatives selected from the group consisting of sialic acid-derived diacetylene, 
lactose-derived diacetylene, amino acid-derived diacetylene, and combinations thereof. 

48. The method of Claim 34, wherein said biopolymeric material further comprises 
15 a support, and wherein said biopolymeric material is immobilized to said support. 

49. The method of Claim 48, wherein said support is selected from the group 
consisting of polystyrene, polyethylene, teflon, mica, sephadex, sepharose, polyacrynitriles, 
filters, glass, gold, silicon chips, and silica. 

20 

50. The method of Claim 37, wherein said cleavage means comprises a lipase, 

51. The method of Claim 50, wherein said lipase is selected from the group 
consisting of phospholipase Ao, phospholipase C, and phospholipase D. 

25 
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FIGURE I 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 6 
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FIGURE 8 
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FIGURE 9 
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FIGURE 21 
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